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The Aims of the Electron Beam Symposia are:

1) To promote the establishment and renewal of

personal contacts among engineers and

scientists working in the field.

2) To promote the exchange of experiences and

cooperation among scientific and engineering

groups working independently both in this

country and abroad.

3) To promote the application of electron beams

to new and unique areas and thus affect

technological progress.

4) To disseminate information pertinent to

electron beam processes.

Robert Bakish
Chairman
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PREFACE

In the preface to the Proceedings of the 1961

Symposium, I said that it was highly probable to see the

growth in electron beam technology which had taken place from

1959 to 1961 to be exceeded at time of the 1962 meeting.

Although I don't have the exact numbers of scientists and

engineers working in this technology today, the indications

that I do have make me believe that their total number most

likely exceed the sum total of all those active in this tech-

nology the three preceding years.

I cannot but feel highly flattered at the response

given to the IVth Symposium as it reflects for a third con-

secutive year the confidence that a competent audience places

upon me in regard to my judgment to organize and ability to

conduct a meeting at the level that scientists, engineers and

their respective employers find interesting, worthwhile and

profitable.

True to my last year's statement the Symposium has

remained of the same size. Three hundred and fifty people is,

in my opinion, the largest number of scientists and engineers

who could get together and benefit from such a gathering.
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The participants of this meeting remain the nucleus

of men active in this technology, men who can listen, learn

and question, men who maintain the high level of competence

needed for full realization of the benefits of a meeting like

this.

I present these Proceedings to the public as a

product of cooperative effort of scientists and engineers,

researchers working independently in widely separated

locations, yet bound together by the desire to further this

technology. Gentlemen, these Proceedings belong to you, as

only through your effort could they become a reality.

Every corporation of group which has lent support

to this undertaking, by sending a speaker, should know that it

shares the achievement of this IVth Symposium in fostering the

dissemination of information and progress in the field of

electron beam technology.

Many hours of concerted thought and painstaking

work have been vested so that you, the reader, can build upon

this and contribute further to progress in this technology.

I, as an individual, cannot express sufficient

gratitude to you, the participants, who made this volume possible.
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I would like, however, to take the liberty and express to you

the gratitude of the many prospective readers. Gratitude for

helping them to short circuit the arduous path of scientific

progress and bring them closer to newer and more exciting

discoveries.

The reader will also find here two papers which were

not presented at the conference; an additional paper by Dr.

Namba and one by Professor Rexer. They have been included to

broaden the scope of this volume.

In conclusion I wish also to convey greetings to the

readers from all who were present here at this Symposium, all

who helped with their questions and discussions to bring even

greater meaning to these presentations.

I said, last year, that it was my hope that these

Proceedings will bring to the reader, if not the spirit of the

conference, at least its factual essence. I hope that this

volume will do likewise for the 1962 meeting.

Last but not least, I wish to thank my secretary,

Miss Juliet Hartley, for her assistance both in the course of

organization of the Symposium and in the preparation of the

manuscript.

R. Bakish,
Symposium Chairman



INTRODUCTORY REMARKS

R. Bakish

Ladies and Gentlemen, it gives me great pleasure to

welcome you to the Fourth Electron Beam Symposium. As the

person who has been responsible for all arrangements in con-

nection with this meeting, my feelings at this moment are no

different from what they were at kick-off time at the two prior

meetings which I arranged for you. I am excited and happy with

the overwhelming confidence that you continue to place upon my

judgement by your presence here today. I am also apprehensive

in anticipating your approval of the presentations and the

Symposium details.

For your information some 300 participants representing

7 countries, 120 companies and 20 government agencies and

educational institutions are present with us today. Some of you

have but walked a fraction of a mile while others have flown

distances exceeding 7000 miles to be here. I do hope that all

of you will find your participation in the Symposium well

worthy of the effort.

I do believe that the corporations, government

agencies and educational institutes who have supported this
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Symposium by encouraging their staff to be here today as

guest speakers are a cross-section of the leaders of this

technology. Even though they do not include all of the

physical entities having capable teams working in this field,

the work presented does indicate the direction in which

electron beam applications technology is progressing today.

All of the Symposium speakers have voluntarily

assumed an additional burden on their extremely crowded sche-

dules so that they may tell us of their new work. I wish, for

a minute, to assume the role of your representative and thank

them. Many are individuals of international reputation while

the others are likely to acquire such in the future. Some of

the speakers have been active in the field for a number of

years while others have become members of this "electron beam

community" only of recent date. All of them, I am sure, will

be conveying to you information at a high level of technical

competence, information which I hope will be new and of

interest to you.

But let me now go to the program and give you some

of the perhaps subjective reasons as to why the topics to be

presented were selected.

5



Physics has played a major role in all technological

developments which surround us. In electron beam technology

physics are most important because they underline both its

fundamentals and applications. It is then, only natural to

initiate the activities of this Symposium by discussing them:

Work studying the interactions of electron beams with

materials continues to expand bringing justification for the

second group of talks. Electron beam welding in essence

belongs to the group of talks

electron beams and materials,

separate treatment. Although

discussing the interaction of

yet its rapid growth justifies

not fully accepted by industry

a

at

large, it has made substantial strides and is certain to be

adopted more generally in the next few years. By discussing

this topic I hope to further and hasten its acceptance.

As to microelectronics, I believe that there is no

need to expound upon the important role that they play today

and the even greater role that they will play in the future.

1.1y belief that electron beams are to become, in the long run,

the screwdriver, the insulation tape and calibration meter for

the electronics engineer, is being asserted with each of the

new developments being made in this technology.

6



There are, no doubt, in the program, a few papers

which are of no interest to some of you in the audience.

Rather than initiate simultaneous sessions of the different

subject matter, I have decided to give those of you so inclined

an additional breather during those presentations. Thus you

can discuss matters of real interest with colleagues with

similar thoughts whom you may not have encountered under other

circumstances.

But so much about the program. Let us now look into

a few mechanical details pertaining to the operation of the

meeting. First and foremost, I wish to request once again the

cooperation of the speakers in their most strict adherence to

the times allowed for their presentations. Second, I wish to

encourage an active participation of the audience in the dis-

cussions and state that discussions will not appear in the

conference record. I believe that off the record discussion is

more spontaneous and allows people who might have restrained

under other circumstances to make contributions to participate.

Furthermore, recording of the questions and answers and their

verification by the authors, in particular the latter, is

extremely time-consuming and can substantially delay the

7



publication of the Proceedings.

It is my feeling that in a technology as dynamic as

electron beam technology the need for timely publication is of

foremost importance and that no effort should or could be

spared to achieve this promptly.

In conclusion, I would like to say that as in any

other scientific meeting, directly or indirectly, the content,

the speakers and achievement of the conference reflect on the

individual responsible for it. As in the past, I am prepared

to bear my responsibility. But I know you did not come here to

listen to me so without further delay I will turn the meeting

over to Mr. John Morley who will moderate the first session.



ON THE LIMIT THEORY OF CIRCULAR ELECTRON BEAMS

By

Hilary Moss
Advisory Engineer

Electronic Tube Division
Westinghouse Electric Corporation

Elmira, New York

ABSTRACT

By disregarding mere detail and concentrating on

scientific essentials it is often possible to determine upper

limits of performance to physical systems. Such an approach often

illuminates a whole technology in a way impossible by a more

detailed study.

This technique is applied to circular electron beams.

The basic density limitations imposed on even an ideal system by

diffraction, space charge and thermal emission energies are dis-

cussed both physically and in precise mathematical form. Graphs

are given indicating the quantitative relationship between limit-

ing beam current, cathode loading and spot size in terms of

various design parameters. Some discussion is given of the prac-

tical nearness-of-approach to these theoretical performances.

9



List of Principal Symbols Used 

V

r.

- beam voltage in region of convergence and work piece

- beam current focussed onto work

- distance between exit plane of lens and work

- radius of beam at exit plane distant z from work

r
s 

- radius of beam at work (defined also as radius of

"equivalent" Gaussian distribution at%amplitude)

r
m 

- minimum radius of beam between exit plane and work

100 - peak beam density at work

- cathode emission density

fs - electron beam current density at radius r

- Boltzmann constant

- electron charge

- cathode temperature in degrees absolute

11,606

X - electron wavelength

- beam semi convergent angle

Normally the work to be welded or bombarded will be placed at the beam

image plane. The terms "image" and "work" refer to this same plane and

are used interchangeably.

Note. n 2-
If ros=fo,z.1)-0+ , which is the usual form of the image current

density distribution then simple integration shows that the total beam

current contained in this image is I . po
Br
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ON THE LIMIT THEORY OF CIRCULAR ELECTRON BEAMS 

Introduction

One of the risks of detailed technological study is the mental

myopia it can so easily induce. The details of most physico-electronic

processes are very intricate. Detailed study is indeed essential but

it needs to be supplemented by broad overall vision. It is not easy

to develop a mental attitude where very detailed knowledge co-exists

happilY with broad understanding.

It is the conviction of the author that limit theory is useful in

gaining this dual perspective. Its philosophy can be simply stated.

To gain overall vision we temporarily abandon all considerations of

the details by which a given "result" is being achieved. Instead we

direct attention to the basic science on which it rests. This basic

science will be circumscribed by immutable* natural laws which in turn

set upper limits on the device performance. Such limits are usually 

guite independent of mere technolo ical detail. By thus excluding such

detail from our field of view we can

wise readily attained.

gain a width of outlook not other-

A classic example is Carnot's expression 
(T1 -T2)/TI , for the

Perhaps this is excessively strong language. It might be safer to
add "immutable

* 

Within the context of present 
knowledge". SoHetimes

limit theorems rest on values of engineering 
constants which are not

absolutely defined in upper valuel. But in any event, such analysis
directs a searchlight on the whole technology and 

may indicate the
possibility of conditional advances.
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maximum possible conversion efficiency of any heat cycle working between

temperature T1 and T2. Study of such expressions not only disentangles

the essentials from what are generally very intricate details, but also

establishes a yardstick by which we may assess the merits of any particu-

lar arrangement.

Although we shall not succeed in matching the elegance of Carnot's

work when applying a similar philosophy to the study of circular

electron beams, yet this study will assuredly illuminate the field in

a way impossible by any other approach.

Innumerable similar examples occur throughout science. We may cite

diffraction theory in limiting resolution, information theory in

limiting the capacity of a channel of given bandwidth, and noise theory

in defining upper limits to the useful sensitivity of detecting devices.

In fact a study of science through limit theory provides a generalized

approach of the greatest value especially to those guiding industrial

research investigations
1
.

General Nature of the Problem 

Fig. 1 shows the essentials of any circular electron beam generator.

S is the e l ectron source, usually thermionic, which feeds electrons

into an arbitrary "lens system" L. In accordance with our general

philosophy we are disinterested in its details. Eventually electrons

emerge at a certain volt-velocity V and converge through an angle 20

into a focussed spot where the work is situated.

In looking at the overall physics of the system of Fig. 1 the

12



following variables seem of obvious significance; (1) the distance z

between lens exit hole and the work, (2) the radius of the beam r. at

exit, rs the spot radius (with some suitable definition), rc the density

of electron emission at the source S, V the beam voltage in the con-

vergence space and I the beam current being focussed into the spot.

These basic variables define at least two derived ones of interest,

namely spot density 1405 = f (rs, l), and e the convergent beam semi

angle r./z.

Someone with a more sophisticated eye would also detect that the

emission velocity spread is likely to be involved - it transpires that

this can be expressed in terms of cathode temperature T. Finally some-

one with a knowledge of wave mechanics would expect electron wavelength

to be involved in setting a diffraction limit to the spot size. However,

this wavelength can be expressed in terms of V and the consequential

diffraction spot size limit expressed in terms of lens aperture angle E),

so that no new variables are introduced. Here then are our basic

parameters which we would expect to exert overall control on the problem

and which are not merely technological.

The question now posed and answered is this - how does the total

current, spot size and spot density depend on the above quantities?

What limits, if any, exist and how do they arise? The answers to such

questions are not only of the greatest significance in assessing the

whole future of electron beam welding but they also illuminate the total 

field of its technology and indicate the general course toward system

optimization.

13



PERFORMANCE LIMITS - PHYSICAL DISCUSSION 

If, in the system of Fig. 1, it were possible for all electrons

in the plane of the circular hole P to have uniform axial speed and a

perfect lens system gave them an inward radial speed exactly proportional

to their distance from the beam axis, then, in the absence of space

charge, and diffraction effects, an infinitely small spot and an infinitely

large image density would be achieved. This is obvious on simple

geometrical grounds.

Our failure to achieve such perfection is not due primarily to

inability to make a focussing lens having an inward force proportional

2*
to distance from axis. Such lenses can be very closely approximated .

Failure arises from three more basic causes:

(1) Diffraction effects

(2) Space charge in beam

(3) Finite initial emission velocity of a random nature

Mathematical statements of the effects of (1), (2) and (3) will be

given later. At the moment we are concerned with physical principles.

A long and distinguished line of physicists including Fresnel

Kirchhoff, Abbe and Lord Rayleight were instrumental in evolving a

,

numerical understanding of the diffraction error due to a wave or wave

guided particle system. Electron flow is essentially a wave guided

* We are greatly helped here by the small apertures common in electron
optical lenses.



particle system. With reference to Fig. 1, the image of radius r
s 

is

being "illuminated" by flow through the hole P which subtends only a

very small small angle or, == Yz at the image. The minimum possible image

"size" is given by eqt. (3). As shown it is negligibly small in the

present state of the art even though 0 is very small. The situation is

saved by the very short wavelengths associated with the electron flow -

a mechanism which accounts for the superiority of the electron over the

light optical microscope.

Space charge effects can be physically visualized as follows. In

Fig. 2 suppose that the beam emerging from the hole P is "laminar" i.e.

no electron crossovers occur and each electron maintains its relative

position so that the beam is uniformly compressed. Consider an electron

at the outer edge of this beam. The lens L gives it a certain initial

inward velocity Ut proportional to initial radius r., and a corresponding

kinetic energy. The radial outward flux due to the charge in the beam

(considered "smeared" over the whole beam) exerts an outward force on

this electron. The latter dissipates its initial inward kinetic

energy against this force which rises inversely as the beam radius.

After some flight time its initial inward velocity is reduced to zero

and the beam reaches its minimum section or "waist" W in Fig. 2. Sub-

sequently it expands again. At the waist W the radius must be finite

since the outward radial force tends to infinity as the beam radius

tends to zero. In this physical picture, if the electron density at P

is uniform, it will remain uniform throughout the whole flow.

In the preceding paragraph it has been assumed that the "perfect

15
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focus" boundary conditions at the lens could be met. In fact this is

impossible except for infinitely small currents. All known electron

sources have a certain emission velocity spectrum. For a thermionic

source this is Maxwell ian and is described by Fig. 3. Here the emission

probability for any value of v r 
and v

z 
is given by the height ordinate

corresponding to the v r, v
z 

coordinates.

Now suppose that an attempt be made to produce the boundary

conditions postulated at a circular aperture P in Fig. 4. To do this

an electron source with the Maxwellian velocity spectrum might be placed

at K and some lens system interposed between K and P. Consider four

electron tracks OA, OB, OC and OD emerging from 0 each with the same

axial velocity vz but with differing tangential emission velocities,

given respectively by, zero, AB, AC and AD.

By means of some types of field it might be possible to image

precisely these rays from 0 on 0' where 0' is in the plane of the circular

aperture P. For example a uniform axial magnetic field could achieve

this since such a field has a rotation period independent of the initial

tangential velocities and all rays from 0, having the same axial velocity 

v
z
, would be imaged at 0'. On the other hand, .this does not meet our

requirements since the rays at 0' would then have varying inward velocities.

In addition we have considered only one group of electrons all having the

same axial speed v whereas Fig. 3 shows that the axial speeds are also

scattered in a Maxwell ian distribution. This argument indicates in

physical terms why the assumed boundary conditions postulated when



dealing with space charge limitations cannot be met.

But consideration of Fig. 4 will show that if the ideal boundary

conditions at P cannot be met then even a perfect focussing lens will

not produce a "point" focus and the image density will be finite. Thus

even in the absence of space charge, and with perfect lenses, the

Maxwellian initial velocity spread causes a finite limit to the focussed 

beam density.

These general physical arguments show therefore that at least

three fundamental upper limits to focussed beam density must exist even

ifIhf_lystem indicated in Fiq. I is supposed " erfect". A precise

mathematical form will now be given to these limitations. Derivation

of these results from first principles would take too long and is

unnecessary in view of extensive prior work3'4'5'6'7

PERFORMANCE LIMITS - MATHEMATICAL STATEMENT 

1. Diffraction Limitation 

The radius of the first minimum of the diffraction image is given

by
0. X - - - -(1)

where X is the electron wavelength and is equal to

>, 1/4" 12' 3 --

- 'V

Substituting (2) in (1) gives

4-
= - A

e NrCi
19

-(2.)

(3)

1

in Angstroms for
V in volts



For V = 104 and e . 5 x 10-3 this yields a diffraction radius limit in
the order of 1.5 x 10-7 cm. Obviously this is negligible in the present 

state of beam technology.

2. Space Charge Limitation 

The mathematics of the physical picture given in the previous

section was worked out first by Headrick and Thompson3. The matter was

re-examined in 1952 by Hollway
4 

and again independently in 1957 by

Schwartz5 who both produced normalized curves permitting rapid numerical

solutions to the integral equations involved.

Fig. 5 is such a curve reproduced and extended by the present

author. It 
1 

contains inset numerical values, calculated by Hollway
1,21 

should greater accuracy be required. For a given focussing lens aperture

expressed by 9 == , and a given beam voltage V, Fig. 5 permits

rapid calculation of the space charge limited spot size rs in terms of

total beam current I. For values of 11/ >•04 the curve is doubled-

valued. Here, where the space charge effects are appreciable, a plane

of minimum sectional area exists between the screen and the lens when

the minimum focussed spot condition is achieved. For our purposes the

upper curve is the one of usual interest, but the lower curve permits

calculation of the condition where the image plane at distance z is

also the plane of minimum section 4 = O. The table also shows values

of minimum beam radius (r
m
) when the smallest spot exists at the work.

3. Thermal Limitation 

D. B. Langmuir6 in 1937 first completed the mathematical description

20
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of the image density limitation due to thermal emission energies at

the cathode. He proved the following theorem:

Electrons originate from a unipotential cathode having a Maxwellian

velocity distribution corresponding to a uniform absolute temperature

T. The emission density is supposed uniform and equal to rc •
Some or all of these electrons are subsequently converged into a

focussed spot by a rotationally symmetric lens system, of any form

whatever, such that the cone of convergence is in a region of

uniform volt-velocity V, and is free from external magnetic fields.

In these conditions the maximum attainable peak density in the

image, due, and only due to those electrons lying inside the cone

of semi angle 0 is given by

- - - - (+)

A simplified justification for this result is given in ref. 7. The

limiting image density fao defined by (4) can be attained only if all

lenses are aberration free and in addition if space charge forces are

negligibly small. Some measurements made by the author show that the

* It will be noted that the "limit" implied by eqt. (4) is of a
different and less fundamental nature from that implied by space charge.
For if pc is unbounded, so also is 100 , and in this sense no true
thermal limit exists at all. However, eventually such considerations
as cathode resistance and cathode voltage gradients do impose an
upper bound on emission density. Hence ro is also bounded although
in an inexact manner.
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theoretical density can be approximately reached provided G is

sufficiently small
8
. This condition insures negligible aberrations.

In the author's measurements the current was sufficiently low to insure

negligible space charge.

The primary physical situation leading to eqt. (4), i.e. a

Maxwellian emission velocity distribution corresponding to cathode

temperature T, can be shown to lead to a Gaussian current density

distribution in the image. This means that the flow conditions in the

beam between the lens exit plane and image are not laminar. However

the derivation of the space charge limitation in the previous section

has implicity assumed laminar flow. It is natural to ask how we are

to combine the effects of the space charge and thermal limitations

when the physical assumptions on which they are separately based are so

different.

To this the simple answer must be that an exact analysis of the

combined effects of space charge and thermal limitations is very

intricate. Attempts in this direction have been made9'
10
 but it is

doubtful whether these complex analyses are worthwhile at least in

the context of beam welding studies. Our cruder but very easy procedure

is as follows.

First, we work out from Fig. 5 the consequence of the space

charge laminar flow conditions where the current density is everywhere

uniform across any beam section and rs is simply the radius of the

sharp edge of the image. Obviously for this case we may write exactly
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Po

Fig. 6 shows some results indicating the space charge limited maximum

possible values of I and fo in terms of r
s
.

But for any value of ro in Fig. 6 eqt. (4) yields a corresponding

value of cathode loading pc when e=1-q, is defined. This is shown in

Fig. 7. Here it is assumed that the peak density rm. of the Gaussian 

distribution exactly equals the uniform beam density ro in the laminar

flow space charge analysis. This is indicated in Fig. 8(a).

However since eqt. (4) explicity defines only r, in terms of
from this viewpoint any Gaussian image density curve of peak value po

would require the same value of r, . On the other hand the space charge

limitation calculations are based on a definite total beam current I

associated with a definite spot radius r
s
.

To complete the description of the "equivalent" Gaussian image we

need therefore to define not only its peak density po but also its total

current. It is reasonable to make this exactly equal to the current I

carried when investigating the space charge limitation.

mathematics
11 

shows that this will be the case if the Gaussian curve

Very simple

is defined as having a radius rs at the point where its current density

has fallen to I°% . This is shown in Fig. 8(b).

The following statement now seems possible. "In most practical

beam forming systems, the image density will be Gaussian. For a given
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value of V, z, r. I andr 
as given by Figs. 6 and 7 the space chargec

effects will limit the spot size to a somewhat smaller value of r

(defined at (°Vz, point) than that given from Figs. 6 and 7. This

must be true since in the practical Gaussian image case, Fig. 8(h)

shows that some of the beam current is being carried outside the radius

r
s 

and the space charge forces are thus somewhat less than calculated.

Hence the curves of Figs. 6 and 7 yield errors in the safe direction."

If the beam converging onto the work has a narrow angle due to a

severe stop limit at the initial radius r., so that only a small fraction

of the total cathode emission is being used, then the above approximation

is a very close one. For in this event direct measurement will show

that the current density across any beam section is reasonably uniform

except around the focus plane. Thus the assumed uniform density for

the space charge analysis is approximately met for a large fraction of

the electron transit time from exit aperture to the work.

Some General Comments 

Figs. 6 and 7 permit the desired performance estimations almost

at a glance. They cover the ranges of primarily interest. Fig. 5

permits any extension desired. The results could be presented as an

alignment chart. Dr. Hollway
12 

has recently done this. On the other

hand alignment charts give no "feel" for the variations involved. Also

it will be noted that normalized coordinates have been avoided on

Figs. 6 and 7. These again have the drawback of conveying no immediate

information. Our ordinates on Figs. 6 and 7 include multipliers to

deal with any values of V, z and T.
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-2 r9

GAUSSIAN DISTRIBUTION

le = fi-q-Br2

FIG. 8(a)

GAUSSIAN DISTRIBUTION OF
EQUAL TOTAL BEAM CURRENT

fi. A ,— r24s2

- • - - 2 r s  ,
 L

FIG. 8(b)
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Misunderstandings occasionally still exist about the physical

nature of the thermal density limitation. Sometimes it appears to be

imagined that a Pierce type electron gun by "focussing down" from a

comparatively large area cathode on to a small area or aperture can

achieve densities in excess of that indicated by eqt. (4) for a given

, V and T. This is simply not so. High densities can be so

achieved but are due to use of a large value of 0 as will be evident

from simple consideration of geometry. Of course this may indeed be a

most valuable technique but it in no way violates Langmuir's concept.

The exact meaning of e must be fully understood. It is the half

angle-of-arrival-spread at the  lane where po is bein  defined. Our

paper relates to the case where the electrons converge into the focussed

spot in a conical region free from external fields. Here e 17_ •
On the other hand e might be much larger if fields existed between the
exit aperture of radius r i and the image plane at distance z.

For example in many types of microwave tube an electron beam is

constrained by a suitable external field system (usually magnetic) into

a roughly cylindrical shape. Superficially we might be tempted to

imagine that here 9--1-0. Of course in such a case only the overall

beam envelope has a roughly parallel sided form. Within the beam the

arrival angles may be very large especially if a high magnetic field

is applied so that the electrons have a pronounced helical trajectory.

This fact explains why large currents and current densities can be

achieved in such beam devices without the necessity for very large

29



values of emission density.

In cathode ray tubes however such techniques are difficult since

the beam must be deflected without excessive distortion. Conventional

practice thus converges a thin beam in an external field-free drift space

as has been here considered. On the other hand in electron beam welding,

little or no beam deflection may be needed and the use of beam confining

fields may well be advantageous, if the highest beam densities are

sought.

A better physical grasp of the thermal limitation can perhaps b
e

attained by a simple transposition on eqt. (4). Dividing both sides

2
by 0 and writing image density as the quotient of current and area

gives

image area x

beam current
00

Pc' T

The left hand side is current/unit area/unit solid angle (for small

angles) and is thus a measure of image "brightness". Eqt. 4(a) then

says that this brightness is proportional to the emission density

multiplied by the ratio of image volt velocity to object space average

volt velocity. Since this last ratio is the square of the ratio of

image and object space "refractive indices" we see that 4(a) is the

equivalent of the well known optical law: image brightness equals

object brightness multiplied by the square of the ratio of the refractive

indices of image and object spaces. (o is the object density but is
lc

proportional to object brightness since the cathode emits into a constant

solid angle of 271r ).
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It is well known from thermodynamic reasoning that no system of

optics can increase the brightness of any source if the refractive

indices of image and object spaces are the same. By the same reasoning 

no electron-optical system can do so either. The effect of higher

voltages is to increase brightness by reducing arrival angles.

Nearness of Approach to Theoretical Limits 

It is natural to ask how closely we may approach the theoretical

performance limits discussed.

So far as the space charge limit indicated in Fig. 6 is concerned,

observations on a variety of cathode ray tubes lead the author to the

conviction that this limit can indeed be approached. The analysis

leading to it is direct and straightforward - it would be surprising if

actual measurements were in substantial disagreement.

Much more controversial is the thermal limit indicated in eqt. (4),

mainly because measurement ofpc is quite difficult.

The author has made some studies here
8 

but they relate to conditions

rather far removed from those obtaining in beam welding. The author

was concerned with very narrow angle guns as used in ultra high resolution

cathode ray tubes.

-
Briefly it seems that for values of 642xto

3
 radian we may closely

approach the theoretical thermal limit of eqt. (4), in standard oscillo-

graph type flat cathode electron guns. For larger values of e the

practical performance fell away rapidly in a way depending on geometry



and which is difficult to summarize. With high negative control

grid bias i.e. operating towards cut-off, some measurements showed

that G could be increased to about 5 x 10-3 radians before departure

from theoretical performance.

Theory has only this to say about the "breakway" value of 0 i.e.

the maximum value of e at which the Langmuir relation is still satisfied:

For any given geometry it will be the lesser value of e at which

either 

(a) The lenses start to show appreciable aberrations (mainly

spherical) (Including the triode immersion lens)

(b) That value of 0 at which the final exit aperture of radius r 1

begins to be incompletely "filled" i.e. beyond which the beam

current is less than proportional to aperture area

Now the the design of the whole electron gun will vitally affect this

value of e . For our artifical gun it was, as we have seen, only

about 2 x 10-3 radian. Probably this can be greatly increased by

adoption of some sort of gun construction in which the cathode and anode

system is part of a sphere. This seems intuitively apparent and indeed

the well known Pierce gun is of this broad description. In principle

what we achieve here is a dissection of the total beam angle e into a

composite system of small component angles each contributing an increment

of current. With spherical geometry all these composite ray systems

are physically identical (this is not so with flat systems) and it is
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therefore reasonable to suppose that their contributions add directly

to achieve a high density (at a high e value!). At present though it

must be admitted that exact knowledge of wide angle gun design and

performance is scanty.

Such measurements as are available, made on TV electron guns with

values of 0,P 1 radian seem to show that cathode emission densities

of 10 to 100 times that indicated by eqt. (4) may be needed under high

drive conditions. On the other hand this may not matter much in

practice since as Fig. 7 shows only quite low values of emission density

can be reached - for spot sizes common in TV practive - before the onset

of space charge limitation. Only for very fine focus tubes can high

emission densities be usefully employed. It is a mistake to imagine

that normal TV electron gun performance would be revolutionized even if

sources of unlimited emission density were discovered13

33



Bibliography

Moss, H., Research and Engineering, February 1956

2. Schlesinger, K., I.R.E. Trans. Electron Devices 8 224 (1961)

3. Headrick, L. B. and Thompson, B. J., Proc. I.R.E. 28 318 (1940)

4. Hollway, D. L., Australian Journal Sci. Research Series A 5,
430 (1952)

5. Schwartz, J. W., R.C.A. Review 18, 3 (1957)

6. Langmuir, D. B., Proc. I.R.E. 25 977 (1937)

7. Moss, H., Journal of Electronics 6 403 (1959)

8. Moss, H., Journal of Electronics 10 341 (1961)

9. Cutler, C. C. and Hines, M. E., Proc. I.R.E. 43 307 (1955)

10. Danielson, W. E., Rosenfeld, J. L. and Saloom, J. A. B.S.T.J.

35, 375 (1956)

11. Moss, H., Journal Brit. I.R.E. 21 35 (1961)

12. Hollway, D. L., Electronics 35, 7, (1962)

13. Haine, M. E., Journal Brit. I.R.E. 17, 211 (1957)

..

34



THE USE OF INTENSE MAGNETIC FIELDS AT THE POINT OF
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ABSTRACT 

One of the main factors limiting the maximum attainable

performance in high resolution electron beam processing is the

thermal velocity spread of electrons. This conclusion is valid in

the case when, at the point of interest, there is no applied mag-

netic field. The situation has now been analyzed in cases where

there is such a magnetic field.

The second part of the paper discusses how these

potentially larger current densities can be best exploited in

electron beam processing tools. A number of possibilities are

discussed in which the object to be processed, is, in essence,

immersed in the field of the objective lens. An attempt is made

to compare the resolution limit in the various cases. These

possibilities all represent variants of the basic arrangement

derived from electron microscopy electron optics.
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THE USE OF INTENSE MAGNETIC FIELDS

AT THE POINT OF IMPACT

IN HIGH RESOLUTION ELECTRON BEAM PROCESSING

I. INTRODUCTION

The electron optical systems used in electron beam

machines are generally of the type indicated in Fig. (1).

The ultimate performance of such machines is subject to some

quite general restrictions with respect to maximum current

density and minimum spot size, restrictions which have

for long been familiar in electron microscopy and electron

beam probe X-ray analysis. For many applications perform-

ances well below the limiting values are adequate, but in

a number of cases an advance beyond the present frontier

would greatly extend the range of applications of the

electron beam technology.

There are two factors which are involved in the basic

performance of the system of Fig. (1). The first is the

limitation on the maximum attainable current density derived

by Langmuirl and Pierce2. This result, valid for a focus

in field free space, may be written in the form

= j0(1 + ;Yr sin2O (1)
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where

jm is the maximum attainable current density

jo the current density at the cathode

V the beam voltage

the cathode temperature

the Boltzmann constant

0 the angle of covergence at the focus
(Fig. 1)

The second factor which comes into play is thespherical

aberration constant, Cs, of the objective lens. In seeking

to optimize a design, the thermal velocity limitation demands

a large aperture, the spherical aberration a small one. Com-

bining these two considerations, one can derive (see e.g.

ref. 3) an equation for the current falling in a spot of

diameter d:

=1.1, (d _ 1/2c5Q3) eV j g2

•..

4 kT

These considerations apply when the focus of the beam is

°

in field free space. In this paper we will examine the

(2)

possibility of attaining an improved performance when this

restriction is removed.



II. THE EFFECT OF A MAGNETIC FIELD ON THE LIMITING CURRENT

DENSITY.

We now consider a different type of electron optical

system, such as indicated in Fig. (2). Here a magnetic field

extends over the whole length of the beam, gradually increas-

ing in magnitude from the cathode onwards. The conditions

are those that in the context of microwave tubes are known

as "confined flow"; if the magnetic field is sufficiently

strong, and the increase in field strength sufficiently

gradual, the flux threading a cross-section of the beam

will remain approximately constant, and the beam area will

shrink directly as the magnetic field increases. Suppose

we start with a field at the cathode which is strong

enough to control the space charge forces, and make the

field at the "working plane" R times greater than the cathode

value. As we increase R, the current density at the working

plane will at first rise proportionally. However, as R is

further increased, another effect comes into play: an increas-

ing number of electrons will be reflected before reaching

the working plane. This effect, identical with that ex-

ploited in mirror fusion machines, is due to the increase in

the transverse energy and tha attendent decrease in the
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longitudinal energy, which takes place as an electron

with a given initial transverse energy penetrates into the

converging field. This effect can be analyzed by using the

abiabatic invariance principle4, which states that an

electron with an initial thermal transverse energy of Etr

at the cathode will have a transverse energy R.Etr at the

working plane. The maximum current density which can be

attained in a system of this type can be derived in a manner

very similar to that used by Pierce2 in deriving equation I.

The starting point in Liouille's theorem, and this in

combination with the adiabatic invariance theorem leads to

the following result.*

jm jo (R _ (R_1) _ eV 
(3)

kT(R-1))

For sufficiently large R this expression attains the limiting

value

• 4 (1 eV)
kT (4)

This expression suggests that vary large current densities

are, in principle, attainable. Thus if V = 10 kV and T =

1000°K, jm is of the order of 105 times the cathode current

density.

* A detailed account of this calculation is being prepared
for publication.
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Physically equation 4 becomes very plausible when it

is appreciated that in the presence of a very strong magnetic

field, some of the electrons can reach the axis at right

angles, corresponding to Q .--.'IrP in equation 1. It must be
2

emphasized that equation 3 represents only an upper limiting

value; the actual current density achieved in practical

system must be calculated taking the detailed circumstances

into consideration.

III. CURRENT DENSITY IN A CONVERGENT BEAM

There are a number of different systems which one might

use in order to approach the large limiting current densities

predicted by eqn. 3. For the present we will confine our

attention to the simplest system, that of Fig. (2).

If there were no limit on the available magnetic field,

the electrons could be made to follow the magnetic lines of

force with any desired precision, and under these conditions

the limiting current density of eqn. 3 could be reached.

This idealized situation might be relevant to the case of low

voltage, low power density applications. In general, how-

every, the available magnetic field sets a practical limit-

ation. The field must in the first instance be sufficiently

strong to overcome the space charge forces. In practice
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this means that it must be several times the value of the

Brillouin magnetic field for the beam5; it will be assumed

in the following that this condition is fulfilled. The field

must also be strong enough to limit the excursion of the

electrons, due to their transverse thermal velocities, to

a small fraction of the nominal beam diameter. Now an

electron with a transverse energy corresponding to eV 
tr in

a uniform field B will complete orbits, which, in a trans-

verse plane travelling with the electron, are circles of

radius r,

r = .v½tr
/B (5)

where B is in webers per m2, V in volts and r in microns.

The adiabatic theorem allows us to write Vtr as

RkT
Vtr =

For a cathode temperature of 1000°K, and a magnetic field of

20 kilogauss eqn. 5 becomes

r = 0.55R 2 (6)

This shows that for large values of R the excursions of

the electrons may well be of the same order or even exceed

the desired beam diameter.

Fortunately, eqn. 6 does not necessarily define the

smallest beam diameter which can be achieved. The reason

lies in the well known property of a uniform magnetic field,

that the time for completion of one circular orbit is inde-
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pendent of the velocity. This fact leads to the phenomenon,

observed and discussed by a number of authors6,7 of periodic

images of the cathode surface along the length of the beam.

Electrons initiating from the same point on the cathode,

will, according to their particular thermal veloc
ity, follow

different trajectories, - trajectories which, howeve
r, cross

periodically to form the cathode images. This fact has led

one writer7 to the suggestion that at these images 
the

thermal velocities do not decrease the current 
density at all.

This will be approximately true for relatively 
small values

of R, but as indicated by the quite fundamental 
argument

which led to eqn. 3, the conclusion must break down for

large values of R.

In practice the formation of the images along th
e beam

does not proceed without aberration. There are two types of

aberration which may come into play. The first is concerned

with space charge effect; these we will ignore th
e moment,

as they cannot represent the most fundamental featu
re of the

question; for sufficiently low cathode density th
e space

charge can always be made negligible. The other source of

aberration lies in the longitudinal components of the thermal

velocities. Even in a uniform magnetic field these will

eventually lead to a complete loss of the cathode images;
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although the transverse orbits of electrons initiating at

the same point on the cathode will still be completed in the

same time, the effect of the different longitudinal velocities

will cause them to be at different points along the beam.

The greater the spread in longitudinal velocities, the sooner

will the cathode images deteriorate. This effect therefore

becomes particularly pronounced in the case of a convergent

magnetic field, Fig. (2). Here the transverse energies are

continually increasing, with a resultant increase in the

spread of the longitudinal velocities.

An approximate analysis of this result leads to the

following conclusion. If the aberration of the cathode image

at a point z1 from the anode is to be relatively small we

must satisfy the condition,

R = 1 + 2 V t(e )
kT tii (7)

where tc is 
the time to complete one cyclotron orbit cor-

responding to the field strength at the working plane, and

ti is the time taken by an electron with a forward velocity

corresponding to V to reach z1. A numerical example will

be considered in section 4. Generally it turns out that

at high voltages (order of 104 or higher) this condition

is easily satisfied, but at low voltages the cathode images

are blurred to extinction rather rapidly. It should be noted

that R in eqn. 7 is proportional to 0/2 The expression
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is valid only if the variation of field is truly adiabatic,

which for fairly large R implies that tc/ti 1.

IV. NUMERICAL EXAMPLE 

The above considerations suggest that confined flow

electron optical systems may be of value both in high power

density applications such as machining as well as in lower

power density applications. The following example has been

chosen more to illustrate some of the discussion rather

than that it represents any sort of optimum situation.

The example is illustrated in Fig. (3). The aim is to

achieve a power density of 107 w/cm2 with a beam diameter

of 5 Lk using an accelerating voltage of 10 kv and a magnetic

field of 20 kg. The latter figure has been chosen simply

because it represents the maximum easily attainable using

iron pole pieces.

The magnetic field at the cathode is 80 gauss so

that R = 250. The current density at the working point is

assumed to be R times that at the cathode, and eqn. 3 in-

dicates that this is well below the theoretical maximum

density. Equation 6 shows that the radial excursion of the

electrons amounts to 8.8 Ask so that if we do not make use of

the cathode image phenomenon we will be unable to achieve

our target diameter of 5,t,c, Reference to eqn. 7 now shows
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that the maximum permissible value of R which will retain

some significant cathode imaging is of the order of 4000.

Thus the actual R is well below the critical value, and one

may expect clearly resolved cathode images. One must, how-

ever, retain some reservations as we have not yet examined

the effect of space charge. A further practical difficulty

is that the cathode images would be separated by only about

1 mm, so that rather careful adjustment of the magnetic

field would be called for.

V. DISCUSSION AND CONCLUSIONS 

A preliminary discussion of the use of a confined flow

beam for electron beam processing has been presented. It

is shown that the usual formula for the limiting current

density, valid for field free space, does not apply, and

is replaced by an expression which, for very large values

of the field compression factor R tends to (eV/kT)jo. It

is shown that under certain restrictive conditions, the

phenomenon of periodic cathode imaging can be used to obtain

smaller spot sizes than would otherwise be possible. A

numerical example illustrates these results.

Finally it is of interest to note that the confined flow

system, unlike the electron optical systems of the electron

microscope type, requires no rapid variation of field strength
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with distance. Therefore, it should prove possible to use

it with superconducting solenoids. In this way a further

very large improvement in performance can be anticipated.
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POINCAIRE INVARIANT AND BEAM SPOT SIZE

By

R. F. Donovan
Senior Project Engineer

Hamilton Standard Division
United Aircraft Corporation

Windsor Locks, Connecticut

ABSTRACT 

Utilizing the Poincaire Invariant, one can calculate the

minimum spot sizes to be expected from a given cathode source

for a given axial symmetric electron optical system or converse

problem of given the spot size and power density requirements,

calculate cathode source requirements and size. Calculated

solutions are given to illustrate both of these problems and

general curve data is included.
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Poincare Invariant and Beam Spot Size

Perhaps it is facetious to say that electron optical system de-

signers are interested in beam spot size. A method for calculating beam 

spot sizes which has not received much attention in the literature is

based on the Poincard invariant. The full significance of this invariant

has not been explored, but it can be a useful tool in electron optical

design, for example, in the establishment of preliminary cathode speci-

fications. The designer generally knows what is desired in terms of

final beam spot size, current, and vol
tage as well as the design char-

acteristics of various cathodes, electron
 guns, and electromagnetic lens

systems. At this point, one usually draws upon experience to try to

decide whether space charge or 
thermal velocity effects will predominate.

If the goal is to obtain 
small spot sizes or high current densities, one

will also be concerned with 
lens aberrations. Even in the simplest

problems, one performs a few 
engineering judgement calculations. All of

these calculations help 
formulate the problem, but skip around the per-

tinent calculation relating 
cathode and beam spot specifications.

This paper illustrates the 
Poincard invariant method for calculating

minimum spot size to be expec
ted from a given cathode source for a given

axially symmetrical electron 
optical system or the converse problem of

calculating the cathode source 
specifications for given spot size and

power density specifications. 
Although the calculations are done for an

axially symmetrical system, the method 
is applicable to other coordinate

systems and is not restricted 
relativistically. Other aspects of this

paper are the discussion of some of the 
implications of the Poincard in-

variant and beam spot size and a way towards co
rrecting relativistically

Langmuir's thermal velocity limitations for an 
axially symmetrical system.
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Based on the principle of least action, P. Sturrock has developed

from the Lagrange invariant some of the imaging relations for electron

optical ray assemblies such as the Poincare invariant which can be

written as

( 1)

— —
where P = p1-A is the electron optical ray vector, p is

the scalar momentum, T. is a unit vector in the

direction of motion, A is the magnetic vector

potential, and ds is the incremental path length

vector. All quantities are in terms of electron

optical units
1
.

The integral is invariant when taken around any closed curve encircling

a given tube of rays.

Since electron optical units are not common, it is appropriate to

point out that the scalar kinetic momentum, p, is expressible as

p =V20+02 (2)

where 4:s is the electrostatic potential aild the magnetic

vector potential, WI retains its symbol when the

unit of electrostatic potential is 511,200 volts

and the unit of magnetic field strength is 1704

gauss.

For a more complete discussion of these units, see section 1.2 in

Sturrock, reference #1.

Considering Figure 1, it is easy to show that for a circular

integration path where ds = r de -le for an axially symmetrical system,
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the Poincare invariant can be written 
as

I cos (1, cgds
-fc 

• = rD
C-C

(3)

The first term in equation (3) is recognizable as
 an angular momentum -

like term while the second term is the magnetic flux enclose
d by the

integration path.

The most obvious implication of the Poincare invari
ant is that to

achieve a point focus beam the invariant must be eq
ual to zero at that

point. This is only a necessary condition and, of cours
e, does not

guarantee a point focus since the cosine term may also 
be zero.

The implication of the cosine term being equal to 
zero is that a

parallel beam path is formed for an axially symmetrical 
system. H. R.

Fechter showed that if particles are emitted from a single 
point, a

parallel beam path can not be produced unless the flux is zero at tha
t

region2. H. Fechter in the same paper also pointed out that point

focus or parallel beams can be achieved if "particles are 
born with zero

motion in a region of zero magnetic field".

Since electrons or other particles are generally born wit
h a

finite velocity not necessarily normal to the surface and/or
 in magnetic

fields from area emitters, it is impossible to obtain a poin
t focus even

under the laws of geometrical optics for most electron optic
al systems.

Of course, this conclusion is not very surprising to the many designers

who have tried to produce a high current density in small beam spot

sizes.

One of the advantages of the Poincare invariant is that it is

derivable from the fundamental laws of geometrical optics without re-

striction based on current density. Hence the question whether the spot
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size is thermal velocity or space charge limited is academic for several

questions which electron optical system designers are interested in for

practical purposes in the early stage of design. In practice, the

invariant can be applied to many interesting regions of electron or par-

ticle beam systems. It can be particularly useful when used with known

experimental data anywhere along the beam path, especially if beam stops

or apertures are being contemplated to help determine beam geometry.

Some of the real problems are: one, what could a designer expect to

achieve from a given cathode source in terms of beam spot size, conver-

gence angle and voltage; or two, the converse problem, given goals of

final beam spot size, convergence angle, and power density; what are the

minimum cathode source specifications?

To illustrate problem one for an axially symmetrical system, a

designer may have a cathode in a magnetic field-free region with an

emitting radius, rc, operating under space-charge limited flow at temper-

ature, T. Given a final beam voltage and a desired beam half-cone conver-

gence angle, e, in a magnetic field free region, one can apply invariance

and equation (3) to show that the minimum spot radius for 100% beam

transmission is given by

r
f

rcpc

pf sin
(4)

where pc and pf are in electron optical units and other

terms are in consistent units.

To aid the designer, Figure 2 is a graph of pc versus emittei temperature

while Figure 3 is a graph of pf versus final beam voltage in electron

optical units. For example, for a cathode emitting radius of one milli-
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meter opdrating at a temperature of 1000°K, if the final voltage is 100

kilovolts with a convergence angle of 10, one could obtain a final beam

diameter of 0.096 millimeters or approximately 0.004 inches even under

the most extreme emitting condition where the electrons leave the emitting

surface tangentially perpendicular to the surface normal vector at the

circumference.

To reduce spot size further, the designer must usually accept a

lower beam transmission efficiency along with the consequent beam inter-

ception heating problems at various stops or apertures.

Final beam currents depend then on how much can be achieved from

the given source and how much is wasted. This latter aspect is generally

more of a measure of the seriousness of the lens aberration problems than

of the design competence.

To illustrate problem two for an axially symmetrical system, a

designer may wish to meet a given goal of final beam spot size, power

density, and beam convergence angle and may prefer to have this cathode

operating under space charge limited flow in a magnetic field-free

region. His problem is then to calculate a cathode source specification

generally within the limits of some final beam voltage supply. For 100%

transmission systems, the current density in the final spot,

expressed in terms of cathode current density, jo, by

j f jo(

if, can be

( 5)

where equivalent terms are in consistent units.

For the illustrated problem, one can apply invariance and equation (4)

and rewrite (5) to give
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Pf
2

if = Jo 2

Pc

2
sin e (6)

where pf and pc are expressed in electron optical un
its and

other terms are in consistent units.

The final power density requirements, Wf, 
can then be expressed in

terms of final current density and beam voltag
e to give

p 2

Wf = Vfjf = ---(sin2 e)Vff) (7)

where pf and pc are expressed in electron optical 
units and

other terms are in consistent units.

Since allowable current densities from known 
cathode sources are

known as functions of temperature and the final power 
density and beam

convergence angle specifications are given, equation (7) can b
e solved

to give the required minimum beam voltage for desirable 
cathode sources.

Knowing this voltage and previously given quantities, equation (
4) can

be used to specify the minimum cathode radius require
d. Note that this

procedure emphasizes once again the dominant role of 
the cathode source

in electron optical calculations. For example, given a cathode source

which has a cathode current density of 1 ampere per 
square centimeter

operating at a temperature of 1000°K where a ten 
billion watt per square

inch power density is desired with a 5° beam converge
nce angle, one finds,

utilizing equation (7), a minimum voltage of 125 k
ilovolts is required.

For a final spot size radius of 0.00005 inches, a minimum
 emitting radius

of 0.0055 inches is needed.
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It is interesting to point out a new implication of equation (6)

by rewriting it non-relativistically. Sturrock further pointed out that

•
the non-relativistic form of the scalar momentum, p, is expressible as

P= \/20 (8)

where op is in electron optical units.

Substituting appropriate terms in equation (8), equation (6) can

be rewritten as

eVf

if jo
kT

sin2 e (9)

Equation (9) is recognizable as the practical modified form of Langmuir's

well known thermal velocity limitation3. Hence, one may note that new

information on thermal velocity limitations is contained in the Poincard

invariant. One may speculate, then, that the correct relativistic modi-

fication of Langmuir's thermal velocity limitation would follow from

using the relativistically correct form of p expressed in equation (2).

If this is done, equation (9) becomes

- ,
if = jo ---Vf (1 + .98 x 10

6 
Vf) sin2 e

kT *
eV 2 (10)

sine

kT

where V
* 

is the effective relativistic potential such as

tabulated in Electron Physics Tables.

In summary, some of the implications of the Poincard invariant

relative to spot size have been discussed. Specific examples of how the

Poincard invariant method can be applied to some beam spot size and

cathode source problems have been given. Finally, a relativistic
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modification of Langmuir's thermal velocity limitation on current density

for an axially symmetrical system has been given.

The author would like to express his thanks to Mr. 0. Leisure for

calculating the curves in Figures 2 and 3, and to Drs. R. 0. Haxby and

H. R. Fechter for many interesting discussions on the Poincare invariant.
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THE USE OF ELECTRON BEAMS AS MEASURING
TOOLS IN HIGH VACUUM PHYSICS

By

C. K. Crawford
Department of Electrical Engineering
Massachusetts Institute of Technology

Cambridge, Massachusetts

ABSTRACT

The use of mass spectrometers and ionization gauges to

measure and control processes occurring in high vacuum is dis-

cussed. It is shown that the method is very sensitive and

extremely versatile but a good method of calibration is currently

lacking and a remedy is suggested. New mass spectrometers

designed for evaporation control are described.
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THE USE OF ELECTRON BEAMS AS

MEASURING TOOLS IN HIGH VACUUM PHYSICS

Processes which involve atomic beams in high vacuum are

difficult to study at present due to a lack of suitable measuring

devices. Such processes as the deposition and analysis of thin films,

the study of flash desorption, high temperature thermodynamics, re-

action rates, and the study of electron induced reactions in thin films,

all require a method of measuring the absolute flow rates and of iden-

tifying the constituents in a mass flow. One solution to this problem

would be the construction of a mass spectrometer with an electron

ionizer which is calibratable directly from fundamental ionization

cross section data. Present day mass spectrometers cannot do this.

This paper will consider the advantages and limitations of such a

device and describe work being done along these lines at M. I. T.

Electron ionization has several significant advantages which

make it particularly suitable for atomic beam detection and measure-

ment. The most important of these is its complete generality. Any

species of atom may be detected in the vapor state with approximately

equal ease. Also, the sensitivity is very good; mass spectrometers

are ultimately capable of detecting single particles, while electron

ionizers have been built which can ionize up to ten percent of the inci-

dent atomic beam.
(1)
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Electron ionization measures the instantaneous value of the flow rate,

not an integrated total of the flow. Thus no differentiation is ever required.

If an integrated total is desired, such as a thin film thickness, integration

is much simpler than differentiation would have been.

Construction of a linear, analyzable, calibrateable electron

ionizer has proved to be somewhat difficult. The geometry of the inter-

section of the electron beam with the atom beam must be carefully

controlled, so that the linear equation:

I = iinq

can be used, see Fig. 1. Here I is the ion current resulting from

the passage of an i ampere electron beam through an atomic beam

/ cm wide. The atomic beam contains n atoms per cubic centimeter,

and each atom has an ionization cross section of q square centimeter.

Ultimately this equation is to be inverted, solving for n . A knowledge

of n plus the source temperature is sufficient to calculate the mass

flow rate. To use this equation the following conditions must be met.
(2)

1.) Secondary electrons must be suppressed at the electron collector,

to prevent any electron from passing through the atomic beam more than

once, and to insure proper measurement of the electron current.

2.) The atomic beam must be wider than the electron beam because

the atomic beam density can be made constant across its width. This

cannot be done with the electron beam because of space charge. In

this way every electron has an equal opportunity to form an ion while

it does not matter that all atoms do not have equal opportunity to
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become ionized.

3.) The electron beam should be sufficiently monoenergetic to

permit operation at a single point on the cross section curve. If

a significant spread in energy occurs, then a difficult weighted

integration must be made over the appropriate part of the cross

section curve. Deep space charge wells must be avoided, hence

low ionizing currents must be used.

4.) The electron path length through the atomic beam, i , must be

a known constant, therefore the atomic beam must be defined by a

rectangular aperture.

5.) Either all the ions, or a known fraction of them must be collected,

A simple way of extracting all ions from the ionizer is to make the

5kTion generating region about volts negative with respect to the ion-

ization chamber wall, where T is the source temperature. It is then

electrostaticly impossible for the positive ions to be collected on the

chamber wall.

6.) The mass spectrometer must have a known transmission. At

M.I. T. a Paul type quadrupole mass filter has been used. 
(3) At

the expense of resolution, these filters may be adjusted to

give 100 per cent transmission, providing an excellent calibration

point.

7.) If an electrometer type ion collector is used, Auger electron

emission and ion reflections must be suppressed, i.e., a Farady



collector should be provided.

8.) If an electron multiplier ion detector is used, a means must

be found to calibrate it. The most accurate way is to use pulse

counting and to ignore the flux-uating gain.

9.) The electron ionization cross section, q , must be known for

the material under study. Otherwise the gauge cannot be calibrated

without an additional calibration experiment.

At the present time, the last requirement, a knowledge of q ,

presents the most serious problem. The
 absolute values for ioniza-

tion cross sections have been measured 
for many gases and for a few

(4-11)
high vapor pressure metals. These vapors can be contained in

a glass vacuum system as a background gas. No studies, however,

have been made on the absolute cross sections of ordinary metals or

other interesting materials. To measure them requires some type of

crossed beam experiment in which n is known. Otherwise, we have

one equation and two unknowns, q and n . Relative cross section

values can be measured by simply holdin
g n constant. This has been

done for copper, gold, and s
ilver. 

(12)

Considerable work has been done using electron ionization

gauges for proportional control and
 for the feedback stabilization of

evaporators without knowing the absolute
 magnitude of either nor q

(13-17,2)

The ion current from a gauge is amplif
ied and used to control the evapor-

ator generating an atomic beam, as in Fig
. 2a. If the gauge is to be used



in a relatively poor vacuum, 10
-5 
mm Hg or so, then a second gauge

may be used to back out the ion signal arising from the background

gas, Fig. 2b. The author is working with the Alloyd Electronics Corp.

on developing gages based on these principles.

The authort s work at M.I.T. is currently directed toward im-

plimenting an independent method of obtaining n, and thus toward

measuring q. There are several methods of obtaining n. The simplist

way is to use a Knudsen cell as an evaporator source and to measure

the weight loss for a long run at a constant effusion rate. The density

n may then be calculated from the weight loss, the geometry, and the

cell temperature. Another way would be to install a Faraday cage

type atom trap above the gauge and to measure the weight gain. Neither

of these two methods can be used when the material being studied

evaporates as a mixture of different species.

We would like to propose a new method which can do this, and in

addition is entirely electronic. No weighing or other auxiliary operations

are required. It must be emphasized that this method has not yet been

tried, and so far works on paper only. A test is imminent at M.I.T.

As an atomic beam passes through an ionization gauge, the strength of the

beam is decreased minutely by the loss of the atoms which are ionized

and swept out. If a second gauge is placed after the first, it should in

principal be capable of detecting this decrease, see Fig. 3. In fact, the

decrease is so small in comparison to the other losses, that it is un-

detectable on a D.C. basis. However, if the electron current in the first

gauge is periodically pulsed, then the modulation resulting in the seond

gauge can be detected quite easily. Figure 4 indicates the appropriate

pulse shapes. The equations have been somewhat simplified here,



for sake of clarity. The subscript j indicates the mass number under

consideration. The V s designate equivalent currents, i.e., the currents

which would flow in the atomic beam if each atom carried an elemental

charge. It can be seen that both the ionization cross sections and the

absolute flow rates, can be calculated from the gauge currents and known

constants. Note that the constant k depends on the source temperature,

thus requiring that this also be known. Figures 5 to 7 show a quadrupole

mass spectrometer which was built at M.I.T. for the purpose of making

ionization cross sections measurements. It is in this instrument that a

double gauge ion source will be tried. More details on this instrument

will be published at a later date.

Because of its complexity, this kind of equipment can require consider-

able time to build. We have reduced this time substantially by the use of

punched metal Parts stacked between aluminum oxide insulators. Figure 8

shows some of the parts which we now stock. They fit together in an erector

set fashion and are particularly suited for crossed beam experiments where

right angle intersections are required. Aperture alignments of +.001 inch can

be maintained with stock parts. One of their major advantages is that design

changes can be made very quickly. The parts can also be salvaged when the

experiment is completed. So far we have made ionization gauges, evapora-

tors, electron guns, an RF mass spectrometer, and two quadrupole mass

spectrometers from them. We have also given some of them to other labor-

atories for use in various experiments. They save about one half on construc-

tion time and considerable design time as well.
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Fig. 5. Crossed Beam Ion Source for Quadrupole Mass
Spectrometer

Fig. 6. Quadrupole Mass Filter with Electron 
Multiplier
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Fig. 7. Mass Filter Disassembled
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ETALITATION OF C.R.T. TYPE ELECTRON-GUNS AND THEIR

MODIFICATION FOR USE IN KINETIC-VACUUM SYSTEMS

13y

A. H. Andrews
Engineering Specialist
C.B.S. Laboratories

Stamford, Connecticut

A3STaACT 

A short survey of presentl
y available electron/ion guns

is presented sowing typical 
operating parrmeters. Also discussed

is tue design of a demountabl
e electron gun, having an easily re-

placeable oxide canode, this 
gun has operated in a h)drocarbon

contaminated vacuum of 10 
Torrs with good life, yielding spot-5

densities of several amperes 
per cm', at accelerating potentials of

less than 20 l(V.

71



EVALUATION OF C.R.T. TYPE ELECTRON-GUNS AND THEIR MODIFICATION

FOR USE IN KINETIC-VACUUM SYSTEMS

Before any development program is undertaken, it is usual to

list equipment requirements, and then survey the field for existing

components that may be employed. This is always cheaper and easier than

developing your own designs for everything that is required. These ob-

vious statements are made ilere to stress the fact that persons requiring

electron-guns for experimental purposes, have no criteria upon which to

choose one type of C.R.T. gun over any other.

I mention only C.R.T. guns, because our experience at CBS was

that most people, in the early develbpment states of their programs, would

ask for performance data on existing cathode-ray tubes. These inquiries

were from people with no method of determining electron-gun performance

as to electron beam size and current densities, from data referring to

lines of resolution on the phosphor face. Another characteristic that

gives a misleading estimate of overall C.R.T. performance is the fact that

some high resolution, high current, C.R.T.s employ aperturing of the beam
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at ultor potential and the indicated current is the total beam c
urrent,

not just that appearing at the
 screen.

A useful but admittedly
 approximate method for C.R.T. gun

evaluation will now be 
described. Though of less interest here, but

still of consequence, it 
is also a test of the ultimate capability of the

phosphor screen. It may 
be used in comparative tests, with standardized

procedures, in the 
further development of phosphor screens in addition to

C.R.T. electron guns.

The first requi
rements are resolution figures, taken at screen

currents in the r
ange of interest, with the resolutions measured under

half power point 
conditions.

Figure 1 shows the algebra associated with two simple assumo-

tions. These assumptions are that for small changes in beam current,

both the electr
on beam density and the scatter within the phosphor remain

constant. The units chosen are not coherent, but are those usually used

and most easily rec
ognizable, all that is required now are two sets of

conditions of current and resolution to derive the unknown.

The curve on Figure 2 shows the results obtained by applying an

expression derived from the previous algebra, that the 
gradient . BT2 10-3.

4

This curve was the response obtain
ed from an experimental C.R.T. having a

fine P.11 phosphor when using a 
shrinking E.I.A. test pattern at TV rate.

The values for current have been 
multiplied by 1.43 to indicate high-light

values rather than mean current, this facto
r was arrived at from the fact

that the E.I.A. test chart used was bright 
over only 70 per cent of its

area.
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The figures quoted show increasing current density and phosphor

scatter through the current 
range, this is understandable and to be

expected when some of the 
variables are considered. It is known from

experiments conducted at 
CBS that the phosphor scan line, in cross

section, approaches Gaussian 
at very low currents, although it is essen-

tially square with 
small tails at higher current values. This will be

one source of error, 
as the calculation assumes an essentially square

cross section 
throughout. Also as the current is varied over a wide range

of values the 
diameter of the beam in the final lens will alter so varying

the angle of b
eam convergency and the current density possible at any

particular ultor voltage. The raster size of the test pattern alters,

for differing resolution figures, so altering 
the rate of beam travel

although the error from this source is very small, 
effecting mainly the

size of the tails. These objections can be removed when using this method

of evaluation 
in a C.R.T. laboratory under reproducible test conditions.

None of these limitations, however, are half so frustrating as

the endeavor to obtain response curves from manufacturers, and have them

state, fully, their methods of measurement. For the ones amongst you who

may obtain such data, I can say that this simple calc
ulation has shown

good correlation, in the current range above 1 mic
ro-amp, with results

obtained by a fine-wire method of beam sizing, which I will describe now.

Close to the Phosphor face of the tube, parallel to it and to

each other, several Cino wires of different 
sizes are mounted with separate

leadouts through the face plat-, their other ends being common but insu-

lated from the screen. The C.R.T. was run for these tests with the gun

at high negative potential relative to the screen with the screen and
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wires at ground. Also shown is a typical response, obtained when the

beam is swept in line-scan perpendicular to these wires. The oscilloscope

response shown here is that obtained when crossing the 1 mil diameter

wire at 15 KV 3 µA. The pickup current was fed into a Dumont 44o, the

marked sections of the curve can be identified as follows, Figure 3.

A. Presence of secondaries and any halo around the beam.

B. The electron beam traversing onto the wire and

C. The exponential decay of the external B.C. circuit to the

scope.

D. The electron beam leaving the wire and

E. The resultant of halo, R.C. decay and secondaries.

This fine wire method of spot sizing has the advantage of sim-

plicity in that beam velocity need not be known and the only precaution

to observe is that the line scan is at right angles to the wire. Sixty

cycle sinusoidal A.C. has been employed for deflection and then a long

scan length should be used compared with the wire diameter ( 1000:1) and

the wire should be at centre of the scan to give a response showing equal

widths in sections B and D.

Perpendicularity of the line scan to the wires, is achieved by

rotating the deflection coils until sections B and D have minimum widths.

Correlation between this form of measurement and the calculated values

shown earlier are good, certainly less than 10 per cent difference between

the two, so that either method can be considered as giving a good indica-

tion of beam size.

The electron gun, used in the experimental U.H.R.C.R.T., has

been used successfully in the method of recording, described at the outset

76



PHOSPHOR—

FIGURE 3.

CATHODE

E
L
E
C
T
R
O
N
 
B
E
A
M
 

—FEED THRU'S

WIRE DIAMETER

A. PICK UP OF SECONDARIES a BEAM HALO

B. BEAM TRAVERSING ONTO THE WIRE

C. R.C. DECAY OF CIRCUT

D. BEAM LEAVING THE WIRE

E. R.C. DECAY, BEAM HALO a SECONDARIES

e.
• e4

GRIDI GRID?? 2

FIGURE 4.
OXIDE CATHODE

PLUG-IN UNIT 

BEAM PROFILE

ULTOR

A. GLASS BEADED ASSEMBLY

WELDED TO METAL CUP IC

B. C.R.T. TYPE CATHODE .110"DIA.

77



of this paper. Figure 4 shows a cross section of the gun, several points

are worthy of notice.

1. The use of grid apertures of about 40 mils in diameter

which are larger than are usual with comparable guns)

resulting in a lower cathode current density or a higher

current capability.

2. The design of Grid 2 with a collimating tube at the mean

position of X over, aperturing the beam at low voltage but

with a high transmission of approximately 25 per cent. The

final lens) in this gun design) does no aperturing at voltage

above 7 KV, so there is no halo at the screen nor outgassing

of gun parts nor are there any variations in tube-charac-

teristics as a final aperture is burnt away.

Modifications for use in a kinetic system were the change to the

plug-in replaceable oxide-cathode unit shown below) and in arranging for

the gun to be angled off axis to provide ion trapping.

It is the idea of employing an oxide cathode in a poor vacuum,

that will require defending. It is the most obvious choice for high

resolution with comparatively high current, not just high current density,

because it operates at a low temperature with good emissivity. It has

other advantages of fair mechanical strength, good thermal efficiency and

above all cheapness. The important question that arises then) what sort

of life will it have?

Let us define what is meant in this context, by a reasonable

life. In a research project) the ability to get a coherent set of test

results is probably all that is required. This may take less than an
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hour. For a system feasibility demonstration, the equipment may be

required to run for several hours only. If the cathode is cheap

enough and very easily replaced, there is no reason why commercial

equipment should not be designed and built, requiring a cathode change

everyday.

Cathodes of this type have been used for several hundred hours,

in hydrocarbon contaminated atmospheres, when the cathode is mounted a

long way away from the recording medium, as is required to obtain a good

object to image ratio in the magnetic-optics. When the gun is also

angled with respect to the axis, the cathode is protected from ions

arising anywhere other than in the gun itself.

Differential pumping over orifices has often been employed to

improve the electron gun environment. Cathode poisoning can be decreased

in its effect by running the cathode at temperatures nearer 900°C than the

normal 7800 and an automatic activation circuit should be employed for

the initial activation. Under these conditions the oxide cathode is a

reasonable type of cathode to specify and is economically to be preferred

over other types.

Until there is a significant "breakthrough" to a low temperature,

high emissivity, rugged, thermally-efficient, highly stable and, above

all, a cheap cathode, the oxide cathode can be called upon to perform

under adverse conditions. As a further example, it has been found possi-

ble to operate a C.R.T. type oxide-cathode, 1/8" in diameter, in a grid

controlled Pierce gun, giving 60 mAs at 4 KV, for 20 hours of welding on

stainless steel. A Muller configuration with a 1 1/2" diameter annular
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oxide-cathode is used in our laboratories to deliver 2 amps at 10 KV,

for welding and melting, and has a similar lifetime.

SUMMARY

Many people present, I'm sure, have been frightened away from

the idea of using oxide cathodes, by the copious literature on cathode-

poisoning phenomena. A sense of proportion should be maintained however,

and it should be remembered that the authors are usually concerned with

thousands of hours of reliable life at low noise levels in sealed off

tubes.

The method of C.R.T. gun evaluation should be useful to anyone

wishing to choose an existing commercial C.R.T. gun design, for their own

experimental purposes. This evaluation procedure is more useful in a C.R.T.

laboratory using C.R.T.s, of the same geometry with similar operating

parameters where it may be used to evaluate progress in the development

of both guns and high-resolution phosphors.

80



PROBLEMS OF MICROSPACE INFORMATION STORAGE

By

S. P. Newberry
Physicist

General Engineering Laboratory
General Electric Company
Schenectady, New York

ABSTRACT 

The microspace approach to information storage is now

generally accepted as one of the more attractive possibilities

for a needed breakthrough in data storage and retrieval.

Essentially it is a method which makes practical use of the high

storage density capabilities (over 1010 bits/cm2) of the electron

microscope.

After a brief review of the basic approach, the present

paper will attempt to make a realistic appraisal of the major

problem areas, and indicate probable best solutions for many of

them.
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PROBLEMS OF MICROSPACE INFORMATION STORAGE

The need for high capacity, rapid, random-access memories is now

generally recognized. It is difficult to recall the technical climate,

ten years ago, when the chief problem of developing high capacity mem-

ories was to dramatize the need for improvement. This need is now

self-dramatized, for example, by the library problem wherein the tech-

nical information published each day throughout the world is equivalent

to seven complete sets of the Encyclopedia Britannica
1 
. We have already

passed the point in generation of technical papers, and business records

at which an individual can read, or even find all those papers, letters,

and other written materials pertinent to his performance. In addition,

industrial control must now be too precise to depend upon human memory

and its pace too rapid for manual recall of pertinent data. This and

other staggering problems with written work, clearly point to the con-

clusion that the technological word is building a Tower of Babel which

will completely bog down because of impossible information handling

problems, unless a new approach is adopted.

The development of an ultra high density memory is the first

(and a key) step in the new approach needed to overcome this mounting

data handling problem. Development of proper memory techniques, can

therefore serve the same purpose today as the invention of the printing

press did in its day. This new approach must be built in our time if

we are to avoid complete intellectual chaos and frightful waste of

human effort. Let us examine, in brief review, the microspace approach
2

to large capacity, rapid, random-access memories as one of the more

attractive possible solutions to the memory problem.
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By use of electron optical information storage capabilities, a

sheet of material one-fifth the size of a printed page could contain

the memory capacity of the human mind. However impressive this accom-

plishment may be in its own right, it is proper to ask, what does greater

storage density contribute toward solution of the memory problem?

Couldn't one find ample floor space for an expanded memory based on

ordinary techniques? If necessary, the whole American desert is avail-

able for files of key punched cards. This ridiculous extreme (Fig. 1),

combining our least condensed memory device with the largest available

space, serves to emphasize the advantage of compact storage media in

reducing access time. Even with a jeep to collect the key punch cards,

the access time is limited by the physical remoteness of some of the

data from the processing center. If one must interrogate the memory

at nanosecond rates
3
, then even with an access channel operating at

the speed of light, the most remote part of the memory could not be

more than six inches away because light can only travel about one foot

round trip in one nanosecond. By use of a buffer storage, a much slower

access time, for example one microsecond, might be compatible with

nanosecond access. This would extend the theoretical limit to 500 feet

but practical considerations such as switching time, interelectrode

capacities, etc., bring the operating distance for microsecond response

into the buffer down to a few feet at most.

Microsecond random access (or faster) is impossible with tape or

drum memories, but it can be accomplished by thin film memories or

by optical memories. A circulating optical memory such as a vacuum

path optical delay line, could be 1000 feet total length but it would
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Figure 1 - More filing space does not solve the data storage

problem even with all the space in the desert and

a jeep for data pickup, access is too slow to

search a large memory randomly.

• Prioif)GRAPL.,
The Kings and 0,11.ren,1

of England,
From the Conquest,
to QueenVictoria.

Contains 85 Portraits.
A.R.

Figure 2 - High density photographic data storage is an old
art. This is a picture of English rulers recorded
in a microscopic dot. Although this picture was
made nearly a century ago, we have not been able
to use this recording density for data storage.
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have an approximate total capacity of only 10
8 

bits. To match the

capacity of the human mind would require 10
4 

such delay lines with

10
4 

switches, sources, detectors, etc. Perhaps some economy could

be effected by circulating more than one message in a given delay

line. The important point is that a clos
e limiting relationship exists

between memory-density and access ti
me.

The problem is not, however, 
to achieve greater storage density;

we aren't using the memory ca
pacities already available in photographic

film. Why then be concerned about
 the storage density available with

the electron microscope? The capabilities of photography were dem-

onstrated nearly a century ago 
when photographers made pictures so small

a microscope was needed to 
see them (Fig. 2). But "as a watch is more

difficult to make than an a
larm clock" even so this high density could

not be used for recording 
because of dirt, blemishes, scratches, tedious

processing, and difficult 
relocation. Sixty times magnification is gen-

erally considered the 
ultimate practical resolution for microfilm even

though it has an inherent 
resolution reaching down to or below the

light microscope limits.

The problem now faces a 
potential mountain - what is needed is a

giant step beyond this m
ountain. If we take this giant step in storage

density then:

1. The entire memory can be stored in a clean enclosure free

of dust.

2. The storage surface is so small that it does not become

scratched by being rolled or folded upon itself.
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3. Access time is brought down orders of magnitude by reduction

or elimination of mechanical motions.

4. Accuracy of location of data can be accomplished with micro-

inch precision by use of optical coupling, detection of loca-

tion error in a magnified image plane, and successive refine-

ments of coincidence.

A pseudo quantitative picture of the relation between storage density

and system reliability is given below (Fig. 3). A similar picture could

be drawn for the relation between density and access time. This giant

step is the essence of microspace storage technique.

To attain this giant step, it is proposed to employ electron beam

storage and readout techniques for the following reasons:

1. The writing beam of electrons can be at least 100 times smaller

than an optical, mechanical or magnetic "pencil".

2. An electron "pencil" has no perceptible inertia.

3. Readout can be directly translated into electrical signals.

4. The depth of focus is roughly 25 times as great as optical or

magnetic recording systems - thereby relaxing the tolerance

on vertical memory position.

5. It permits an increase in writing and reading speed because

the energy density of the electron beam is three orders of

magnitude greater than that possible with optical or magnetic

recording systems.*

*If lasers can be employed, they will produce energy densities approach-
ing electron optical values within their resolution range.
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Figure 3 - A giant step in 
storage density is required to

overcome practical limitation of dust, scratches,

and slow access. For very large capacity memories

the probability of dropouts 
reached a maximum at

some value less than 100 times 
demagnification.

Figure 4 - Mollenstedt's recording achievement. Guiding a

minute electron beam across a thin collodion film

he could engrave letters or outline drawings at

will. The beam evaporates some of the collodion
leaving a groove whose contrast is enhanced by

a metal vapor coating. Half-tone picture recordings
should be possible by his technique. It does not,
however, answer all our needs for a microspace memory
plate.

85a



A wide choice of electron beam techniques is available for devis-

ing memory systems. The most obvious is a micro-microfilm which can

be viewed in a standard electron microscope. The modern electron micro-

scope can resolve detail down below 10 Au which appears to permit

storage densities of more than 10
14 

bits per square centimeter; a

density which places the dignity of the human mind on .01 square cen-

timeter or about equal to the useful area of two standard 1/8" dia.

electron microscope specimen grids.

No recording medium has yet been demonstrated to have this kind

of resolution. There is no immediate urgency to reach this ultimate

goal because the electron microscope occupies several cubic feet, thus

the specimen chamber might as well accommodate a memory plane several

square cm. in area. Professor Mollenstedt of the University of

Tubingen, Germany, demonstrated electron beam recording of letters

1/2 micron high and digital bits 0.05 micron dia. at last year's meet-

ing of this assemblage.
4

The same kind of resolution has been demon-

strated by Shoulders
5 

using a different recording medium. The resolu-

tion they have obtained (Fig. 4) gives a density of 10
10 

bits/cm
2
. At

this density the human mind is now elevated to the size of 1/5 of a

printed page as mentioned earlier. This is still a very impressive

storage density. It can record the entire Encyclopedia Britannica on

less than a postage stamp. For a great many practical reasons, which

cannot be explored in the time available in this paper, 10
10 

bits/cm
2

is the density which we have chosen as a design goal for our first micro-

space devices. At this level of resolution, the basic system parameters

are in general comfortably removed from fundamental limitations. How-
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ever many serious problems exist between now and the day of providing

complete copies of the Encyclopedia on a postage stamp. These problems

are the concern of the present paper.

Recording Material Problems 

The development of an "ideal" recording material will probably be-

come a never-ending pursuit but even the production of compromise record-

ing materials, limited to specific applications, is beset with many

problems. The normal electron microscope specimen must be less than 200

Au thick which makes it very fragile. 
We prefer recording on a substan-

tial, solid surface which is incompatible with the normal transmission

electron microscope. However, both the mirror electron microscope

(Fig. 5) and the scanning electron microscope (Fig. 6) can read from

a solid surface. The mirror microscope
6 

has been troubled by interfer-

ence from the incoming 
electron beam which normally requires a hole

in the middle of the 
image screen. This can be avoided by use of an

. 7
electron prism . It has also suffered from marginal resolution for

this application but this 
is not due to fundamental electron optical

limitations but rather to lack of sufficient attention to the develop-

ment of this equipment. The output of the mirror microscope is an

image. Location of specific information and conversion to electrical

output can best be accomplished by an image tube as described by the

author
2
.

8 .
The scanning microscope gives a direct electrical output and

has been demonstrated to have adequate resolution if the specimen can

be viewed at a 25 degree angle. This angle causes serious instrumenta-

tion problems when scanning a memory plate several centimeters in each
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Figure 5 - Schematic diagram of a mirror electron microscope.

Small surface differences in the specimen have an

enormous effect upon the electron beam as it comes

to its turn around point in the electron mirror.

This microscope can read from a solid surface.

It needs further practical improvement - especially

in resolving power.
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Figure 6 - Schematic diagram of scanning electron microscope.
This microscope images a solid surface with adequate
resolution. The 25° angle is an impediment for its
use in memory systems.
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direction. Considerable improvement is needed in the resolution of

the scanning microscope when the specimen is normal to the beam. This

problem is difficult but not considered to be serious. The ideal solu-

tion would be development of a combination scanning-mirror microscope.

The difficulty in producing a combination microscope is that the spot

size becomes too large as the electrons are slowed down and reversed

in direction. The spot size can only be improved by starting with a

smaller, brighter electron source. If current attempts to employ the

field emission source are successful, this combination system will be

possible.

Even if the problem of normal incidence readout of a solid surface

is thus solved, a more serious problem of electron scattering is encoun-

tered in recording on a solid surface. No matter how fine an electron

spot is used for recording, the effect of the electrons will be spread

over a diameter equal to the electrons penetration length in the

material (Fig. 7). At 5 kilovolts this penetration is of the order

of 0.3 micron or ten times the spot size we wish to record. This problem

has been avoided by M011enstedt, Shoulders, and others who have demon-

strated 10
10 

bits/cm2 resolution by recording on very thin materials,

with high voltage electrons. The high voltage electrons are not

scattered in passing through the thin film. This solution is not com-

patible with our goal of recording on a solid surface and also suffers

from the difficulty that it employs a very small fraction of the elec-

tron's energy.

There are a number of possible ways of getting around the scatter-

ing problem which are all compromises between resolution and full
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Figure 7 - Electron scattering is one of the more difficult

problems in a storage system based on a substantial

thickness of recording surface. Several means are

available for avoiding this problem, hopefully some

of them will be compatible with desirable memory

systems.
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Figure 8 - One possible surface structure for recording material
which minimized the effect of electron scattering.
Several industrial materials have this structure;
the conducting layer is added to the surface of
the base material.
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utilization of the available beam energy density. It is not possible

to discuss these solutions in the time available so we must be content

to list a few of the more attractive possibilities as follows:

1. Reduce the landing energy but keep the spot size small by

use of the small bright field emission source (further

complicated by space charge repulsion).

2. Use an ion beam for recording since the penetration will be

reduced at least four fold, for the same landing voltage,

by this substitution. (Space charge repulsion and beam

generation are both more difficult for ion beams than for

electron beams).

3. Use a recording medium with a high voltage threshold so that

it can only be triggered by incoming electrons - not by

electrons scattered back through the surface or by secondary

effects from electrons captured below the surface. (This

severely restricts the choice of recording materials and

requires compromises in the choice of other system properties).

4. Use a material with surface traps
2 
which becomes charged

by secondary emission at the point of entry of the electron

(Fig. 8). (This system lacks storage permanency for the

materials,known to form traps of the proper 50 Au size range,

lose charge in a few minutes. Other materials which hold

charge for years may possibly be prepared with traps of the

correct size and distribution.)

In addition to these fundamental recording material difficulties,

we desire that the material can be; updated section at a time, or at

beam
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least recorded section at a time, permanent until intentionally erased,

very sensitive for recording by electrons, but not changed by readout,

and easily reproduced by mass copying.

The Recording Speed Problem

The greater the recording speed the more useful the memory device

becomes. It is desirable that it either be able to record in parallel

from a buffer store or record spot by spot at the incoming data rate.

Let us consider the extreme case of nanosecond input rates since logic

circuit elements are rapidly approaching these operation times.
3

For

the purpose of discussion, let us further assume that adequate signal-

to-noise can be obtained by use of ten electrons per spot. This then

requires 10
10 

electrons per second or 6 x 10
-8 

amps beam current, which

is possible to obtain in the 500 Au spot sizes required. However, if

each electron converts only one molecule, of the 10
4 molecules present

on the surface of a 500 Au spot, it will not be visible with the resolu-

tion limit imposed by the equipment. What must be accomplished, is

nearly total conversion of the molecules in the 500 Au spot by the ten

incoming electrons either by multiple interaction of the incoming elec-

trons - by chain reactions in the recording materials,by development, or

by a combination of these effects. Furthermore, it must not be possible

for a single electron to cause conversion of the entire area. These

considerations are fundamental to a recording system which produces a

chemical or structural change in the recording medium. These basic

principles have been thoroughly explored through the development of

silver-halide photography.
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Systems such as xerography, which add material in proportion

to charge density, or thermoplastic recording
*
, which causes deforma-

tion in accord with the charge present, depend only on the number of

charges deposited per spot and, in general, requires the same surface

charge density regardless of spot size. The recording speed is there-

fore not dependent upon the spot size chosen. Both of these recording

systems require entirely different approaches to their normal form in

order to be applied at electron microscope levels of resolution.

Because they cannot depend upon chain reactions or development, they

must have higher current densities (than photography) of the order of

10
-5 

amperes at least for nanosecond recording at 10
10 

bits/cm
-2

This would require development of brighter electron source than the

currently used thermionic sources.

Slower recording rates pose a different kind of problem. Suppose

we must use a recording system such as direct conversion (without

chemical development) of silver halide which requires about ten milli-

second exposure per spot. To record a 10
10 

bit memory would require

30,000 hours or roughly 3-1/2 years - day and night - holidays and

Sundays. One hundred square centimeters (capacity of the human mind

at 10
10 

bits/sq. cm.) would therefore require 3-1/2 centuries to re-

cord. The need for fast response of parallel input becomes quite

obvious.

It is interesting to recall that the maximum usable input rate

from the outside world to the human mind is considered to be about

Trademark of General Electric Company
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the same rate, namely, 50 to 100 bits per second. This rate limita-

tion of the human decision maker, which would require 3-1/2 centuries

for him to survey the complete memory, clearly points out the need

for machine processing of data if he is to have time to make use of

all the pertinent data.

The Data Capacity Per Field of View Problem

The best electron optical performance to date has been about 10
9

7 image points per field of view or roughly 10 bits per field of view.

If we are to make use of the memory capacity available in a reasonable

memory plane area, (e.g., 1014 bits), then we must have 107 separate

fields of view or a matrix of fields of view 3,200 x '1,200 fields

wide with mechanical motions up to 30 cm. This would slow down access

to all parts of the memory to fractions of a second. One of the ways

we are attempting to surmount this problem is by use of a matrix of

lenses, like the compound eye of the fly, all energized by a common elec-

tron source (Fig. 9). This solution keeps the number of signal wires

down to a small number and substitutes electron deflection for mechan-

ical motion. However, it severely increases the instrument construc-

tion problems; places severe restriction on maintaining registration

between the memory plate and the lens plate; and slows down the response

in a given field of view because of the large increase in interelectrode

capacity.

The Problem of Location of Data 

The problem of data location in a microspace system usually evokes

the greatest concern from the casual observer yet it is one of our

least difficult problems. We find data by the same method that a

92



8•45/C EGECTAVW 0PT/C•44. SYSTEW

ELECTRON GUN

GROSS DEFLECTION

r—)°X 'DEFLECTIONSIGNAL GRID

LENS PLATE
o
--
,00000 0 0 ° ° "Y "DEFLECTION

STORAGE MEDIUM I

Figure 9 - Possible storage system which entirely eliminates

need for mechanical motions in the memory system

by switching beam to individual recording lenses

of a compound objective lens similar to the eye

of the fly.
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Figure 10 - Schematic representation of data organization

into rows, columns, and blocks as an aide to

data location. By working through an optical
magnification linkage and by successive quanti-

zation (or optical indexing), one percent accu-

racy is adequate for location of one part in

1012.
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street address is located, that is, by counting rows and columns of

data from a recognizable landmark. Approximate location can be made

of the landmark by analogue deflections or displacements. It is better

to work with the magnified image rather than the actual storage medium

wherever possible. A schematic representation of the separation of

data into rows, columns, and blocks is shown in Fig. 10.

Data location is increasingly difficult with increasing storage

capacity regardless of which storage system is employed. From our

experience it appears to be considerably less difficult with microspace

systems.

In this brief review of the problems facing exploitation of micro-

space potentialities, we have only been able to explore the chief

problems in a cursory fashion and have failed to mention a host of

lesser problems. Despite these limitations, perhaps a better apprecia-

tion of the magnitude of the problems has been given.

To offset the depressing effects of the multitude of problems,

may we remind you once again that attainment of these goals would

permit all the worthwhile literature of all time to be stored in a

small village library and would permit machine correlation of data

in minutes from a volume of material requiring centuries to read or

even days to scan from magnetic tape.
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ABSTRACT

An electron beam system for measurement of surface

tension of metals is described. Results obtained with this

system using the drop weight method for Tantalum, Molybdenum,

Zirconium and Titanium are presented.
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MEASUREMENT OF SURFACE TENSION

OF MOLTEN METALS

BY ELECTRON BOMBARDMENT HEATING

I. Introduction.

Though the surface tension of molten metals is of

interest from technological and theoretical points of view,

it has been measured onl
y for about a half of all the

metallic elements excluding those of the rare-earth group,

and for many of the remaining metals, 
scarcity of materials,

chemical reactivity and refractoriness have given rise to

difficulty of measurement.

Values of the surface tension on twenty-seven metals

have been estimated by Taylor(1) with a probable error of

+ 10% in some cases. The values for titanium and tungsten

have been measured to be 1510 dyne cm-1(2) and 2300 dyne cm
-1(3)

respectively.

The drop-weight method, which measures the weight of molten

metal drops that fall from the bottom 
end of a vertically

supported metal rod, is most accurate of all the methods of

measuring the surface tension, but refractory materials are

difficult to be made into controllable molten drops.

Electron bombardment heating method is suited for making

molten drops in easily controllable manner; it has first been

used by Calverley(3) for measuring the surface tension of
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molten tungsten. In the present work, this method was used

to measure the surface tension of various refractory metals

in molten state.

II. Method of experiment.

The apparatus used for the experiment is shown schematical-

ly in fig. 1. A vertically supported metal rod, which is the

anode, is connected to a positive high tension supply of

2 -N./ 5 kV. Cathode system consisting of a circular tungsten

filament and a set of tantalum focusing plates is at earth

potential. The metal rod is bombarded from below by electrons

from the heated tungsten filament accelerated by the created

field, the beam of electrons being directed by the tantalum

focusing plates. The accelerating voltage is raised to in-

crease the power of the electron beam until the tip of the

rod becomes molten and hangs down in a form of a drop which

grows in size and eventually falls down into a molybdenum cup

of known weight when the weight of the drop overcomes the

surface tension of the molten metal. The required beam power,

which depends on the material of the rod and the configura-

tion of the whole system, is estimated at 1.50-, 100 Watt for

a rod of 1-,-• 4 mm in diameter. The mass of the fallen drop

is obtained by weighing. The whole arrangement is enclosed

in an evacuated chamber shown by dotted lines of the figure,

the evacuation during the experiment being 2x10 1x10-4
_V

mmHg pressure which is read on an ion guage.
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Forming of the drop shortens the rod. This necessitates

the raising of the cathode system. A titanium rod of 1 mm

diameter, for example, was shortened by as much as 10 cm

beyond the adjustable range of the system. In such cases,

end of the rod was made in advance in a form of a drop of

appropriate size.

With some metals, considerable outgassing occurred caus-

ing a shower of sparks. For this reason, the loss in mass of

the rod cannot be used for determining the mass of the drop.

To avoid such sparks falling into the molybdenum
 cup to up-

set the weighing, the cup was shielded with a nickel sheet

until the drop became large enough to fall.

The apparatus is shown in fig. 2. The whole electrode

system is hung from a steel top plate enabling the initial

adjustments to be made before setting into the vacuum apparatus.

The cathode system and the shield for the cup are manipulated

from outside by rotary shafts with 0-ring vacuum seal through

the top plate. In the photograph, a molten drop of titanium

is seen about to fall.

III. Calculation of surface tension.

Fig. 3 is a photograph of a molten drop hanginc from the

lower end of a titanium rod. The shape of the molten drop is

not the same for all materials; it is a function of surface
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FIGURE 1. Schematic diagram of the apparatus.

FIGURE 3. Molten drop of titanium.
FIGURE 2. Photograph of apparatus

under operating condition.
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tension and density of the material. Though there is a

method by which the surface tension is obtained from the

shape of drops,(4) its accuracy was thought not enough for

our experiment, and the drop-weight method discussed by

Harkins was adopted.

By the theory of Harkins,(5) surface tension is given by

F m g/r

where F is a function of V/r3 (or m/r r3), is the surface

tension of the molten metal in dyne cm-1, m the mass of the

drop in grammes, g the acceleration due to gravity in cm

sec-2, r the radius of the rod in cm, V the volume of the

drop in cm 3 and f the density of the molten metal in g cm-3.

F is a correction factor to obtain the true mass of the molten

drop from the mass of metal that falls down and is a function

of V/r3 by Harkins and Brown; its values are given in

International Critical Table Vol. IV and are plotted in fig. 4.

IV. Results.

Table 1 shows the result obtained on titanium measured

by the drop-weight method. The values found on titanium rods

of various diameters do vary, yet no direct effect of the rod

size is apparent. The mean value 1460 dyne cm-1 can therefore

be taken as the value of surface tension of molten titanium.

Results on various metals are summarized in Table 2. The

fourth column shows the number of successful measurements.
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Refractory metals, such as Ta, Mo, Zr, contain tolerable

amounts of gases losing the weight of the molten drop in

the form of a shower of sparks. For this reason, measure-

ment of surface tension on these metals was difficult.

V. Discussions.

There are many sources of error as mentioned below in

determining the surface tension.

(1) The density and the expansion coefficient of metals

are not measured at their melting temperature, and estima-

tion of r and r cannot be exact. Since the variation of

V/r3 does not affect very much the value of F, if volume

change between solid and liquid states is not very large,

the effect of error on F will be small. For example, the

variation of F is only about 1% when the variation of V/r3

is 10%. Therefore, the values found at room temperature

were used for the estimation of F.

The value of r in denominator of Harkins' equation

was estimated on the assumption of linear expansion between

the room temperature and the melting temperature, which is

however, more or less questionable. The correction factors

based on linear expansion used for obtaining the values of

are given in Table 2 for reference.

(2) Premature falling of the drop leads to low values of

r- • Therefore the rotary vacuum pump was stopped to avoid
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the vibration before the drop became large enough to fall.

But there was some vibration induced by the outgassing from

molten drop or originated from the room floor. The amount

of error caused by vibration could not be estimated.

(3) The drop-weight method is only valid when the solid-

liquid interface is perfectly flat and horizontal. With our

apparatus, the verticallity of the metal rod could not be

assured and the bombardment of the rod by electron beam was

not truely axially symmetrical. These lead to the possibility

that the obtained values of y are too large.

(4) Electrostatic force between the drop and the cathode

is estimated to be smaller than 1 dyne and can be neglected.

( 5 ) Temperature of the molten metals was measured by a

pyrometer from outside of the vacuum chamber. Measured temp-

eratures were very close to known melting points. on the

surface of the molten drops, continuous revolving motion by

convection was observed. The value of the surface tension

decreases as the temperature rises; its temperature co-

efficient was estimated at about O.O13 0.1 dyne cm-1/°C.

Therefore, it is reasonable to regard in Table 2 as the

value measured at the melting temperature.

Though the amount of overall error of the mea3ure-

ment cannot be ascertained, it would not be beyond -152g.
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FIGURE 4. Graph of F for drop-weight correction (Harkins and 
Brown(5))

TABLE 1.

SURFACE TENSION OF TITANIUM

Rod Diameter

(at Room Temperature)

mm arAL...11 _

i/

dyne cm-1

mean

dyne cm-1

4.0 1.414 1500
1515

1.443 1530

3.0 1.031 1420
1.065 1460 1453

1.081 1480

2.0 0.747 1460
0.745 1460 1467

0.757 1480

1.0 0.378 1420
1425

0.387 1430

10000
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TABLE 2.

SURFACE TENSION OF METALS

Correction Factor
Melting Surface Number of for \('

Temperature Tension Successful

Metal (°C) (dyne cm -) Measurements 
Yi4-Y-

._° x 102T. 

Ta 2996 1910 5 1.92

Mo 2622 2080 3 1.3

Zr 2127 1390 5 1.0

Ti 1727 1460 10 1.55

'Fe 1535 1510 2 1.85

Ni 1455 1670 4 1.85

YpIA 
: rod diameter of melting temperature.
: rod diameter of room temperature.
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Abstract

Calculations are given of the momentum transported by the

vapor from the weld Done in electron beam welding, and the conclusion

is reached that the formation of the weld cavity may be explained by

this means.
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A Note on the Physical Principles Underlying the Formation of

the Cavity in Electron Beam Welding

I. INTRODUCTION

In this note some calculations will be presented which are

an elaboration of those made prior to the publication by Wells(l 2)

of a suggested mechanism for the formation of the cavity in electron

beam welding. The basis of this method (as described in reference 1)

is to equate the momentum that leaves the cavity per second in the

evaporating vapor molecules to the volume of the cavity multiplied by

the density of the molten metal in a manner that is analogous to

Archimedes' Law. (The justification for this procedure is discussed

below.) Although the consideration is a very elementary one, so far

as it has been possible to discover there is no mention of the part

played in the electron beam welding process by the momentum of the

evaporating vapor molecules in any account of weld cavity formation

published prior to reference 2 (references 3, 4, 5, 6, 7, 8, 9).

In a paper published by Schwarz
(1o) 

an explanation of weld

cavity formation was given but in which the classical electron pene-

tration had been assigned a role that is more significant than the

role assigned to it here. Seeler
(11) 

has also discussed the charac-

teristics of the cavity, but without reference to the physical princi-

ples involved. The significance of electron reflections from the

sides of the cavity and the gas refocussing effect have been pointed

out by Meier.
(8)

In the present note no discussion is given of the

alternately widening and contracting weld cross-sections that are

sometimes observed (and which were discussed by Schwarz).
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II. THE FORMATION OF A CAVITY

To explain the deep welds that are obtained with electron

beam welding it is generally agreed that a cavity is formed under the

beam. Thus for example, the classical depth of penetration of elec-

trons into a piece of stainless steel is of the order of ipo microns

only, and yet welds over one-half inch (12,500 microns) can be accom-

plished using 100 kV electrons. In the present note the factors

affecting the formation of this cavity are discussed.

To form an estimate of the volume of the cavity from pub-

lished cross-sections of welds is not always easy inasmuch as it is

not obvious how much of the weld cross-section was occupied by the

cavity. For the purpose of making an estimate (probably a conservative

estimate) it will be assumed that the cavity is of inverted conical

shape, having the base diameter equal to approximately two thirds of

the weld width, and having the apex located at the center of curvature

at the bottom of the cavity. The volumes of the cavities, and the

downwards forces that these represent, are shown for a number of welds

described in the literature in Table I. (In Table I an artificially

small value of weld width is quoted in some cases to avoid the possi-

bility of overestimating the cavity size.)

In Table I the expression "displacement force" F
D 

dynes is

used to denote the estimated volume of the cavity in cm3 multiplied

by the density of the liquid metal in gm.cm-3 multiplied by 981 cm.sec.-2.

The definitions of F
E 
and F

T 
are given below.
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III. THE FORCES ACTING ON THE CAVITY

The situation in the weld cavity is shown in a simplified

form in Fig. 1, taken without modification from reference 1. In an

actual case this cavity will be in motion across the workpiece, either

in a uniform or else in a nonuniform manner, and therefore at the very

least it would in all probability be distributed in an asymmetrical

manner about the vertical axis. It is also quite possible that the

shape of the cavity would change (either periodically or nonperiodi-

cally) with time (as suggested by the apparently nonperiodic irregu-

larities that are sometimes observed in the profiles of electron beam

weld beads) but for the purpose of an initial discussion it will be

assumed that the cavity is stationary and symmetrical about the axis.

If it is assumed that the cavity is lined entirely with a

liquid that is in equilibrium, then 
by a derivation that is similar to

that generally given for Archimedes' Law it can be shown that there

must be a downwards force or forces actin
g on the surface of the

liquid, such that the total down
wards force is equal to the volume

of the cavity multiplied by the 
density of the liquid. (A discussion

on whether it is necessary to po
stulate the existence of a liquid

lining and whether it must be considered
 to be in equilibrium with the

vapor in the cavity is given below.) In the present case there are

four possible forces to be considered, namely (1) due to the momentum

possessed by the impinging electrons FE dynes (2) due to the momentum

possessed by the evaporating molecules Fm dynes (3) due to the momentum

possessed by the droplets of metal that are seen in a practical case to

be ejected from the cavity, and (4) due to surface tension.
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In a practical case the liquid lining will not be stationary,

but will be in motion. At the very least it is to be expected that

the effect of the electron pressure, wh
ich acts only on a thin surface

layer of the liquid, will be to 
cause a stirring of the liquid, but it

is not easy to see how motion 
of the liquid or of the cavity (from this

or any other cause) can affect 
the necessity for a downwards force as

stated above.

At an incident energy of 1
00 KeV the classical penetration

of electrons into a material 
of density 10 gm. cm-3 will be of the

order of 30 microns, which i
s two orders of magnitude smaller than

the depths of the weld 
cavities that are observed. From an analysis

published by Steigerwald
(12) it is clear that for the conditions

existing in electron beam 
welding thermal conduction will predominate

over the classical ele
ctron penetration for the distribution of heat.

Thus in the case of an 
incident electron energy of 500 keV or above,

the classical penetratio
n depth will be of the order of 250 microns

or greater, which might 
therefore be large compared both with the

beam diameter and with the
 distance through which heat conduction

will occur to melt a "pear 
shaped" zone as discussed by Schwarz

(io)
•

With electron energies of 
the order of 100 keV and beam diameters of

the order of 200 microns a
nd with the levels of intensity commonly

used with electron beam 
welding the melted zone will be tens of microns

in depth and hundreds of 
microns in sideways extent. It is not correct

to say that the existence of t
he classical penetration was ignored by

Wells in reference 2.
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(a) Electron Pressure 

The effect of electron pressure has been discussed by

Platte(5), Bas and Cremosnik
(6)
, Hablanian(7) and others, and is

well known. Thus the downward pressure p gm. cm.
-2
 due to an elec-

-2 .
tron stream of energy V volts and current density J amp.cm is

P = JVV(2m/e) x 10 gm.cm. -27

- gmwhere = mass of electron = 9.1 x 10
28

= charge of electron = 1.6 x 10
-19 coulomb

and the force F
E 
is

FE = IV/V (2m/e) x 107 dynes

= 0.34 I 1137 dynes

(1)

(2)

where V is in volts and I is the electron current in amps. (In the

above non-relativistic formulae the electron's momentum is in error

by less than 3 per cent at 100 kV, and by less than 18 per cent at

500 kV.)

The magnitudes of the electron forces for five welds taken

from the literature are shown in Table I. In each case the electron

force is smaller than the displacement force, i.e., the force required

to hold the cavity open against hydrostatic pressure as calculated from

Archimedes' Law. From this result it is concluded that the electron

pressure, although possibly significant as far as the motion of the
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liquid in the cavity is con
cerned, is in all probability minor from

the point of view of cavity 
formation. (The balance of force, FD - FE

dynes, to be provided by the 
vapor momentum in the absence of surface

tension effects is given in
 Table I.)

(b) Force Due to Evaporated
 Atoms of Metal 

We consider only sing
le atoms which are evaporated. The

reaction force F dynes due to escaping atoms i
s F

where v cm.sec-1 is the 
mean escaping velocity of the atoms, and

dM/dt gm.sec
-1 

is the mass lost in uni
t time. If the average number

of atoms per second 
which escape is no, and the number which escape

with velocities betwe
en v and v + dv cm.sec

-1 
is n(v), then if Mo 

gm.

is the mass of one 
atom the following relations hold.

vn

M
o

0

oo
n(v) dv

Jr°°

n(v) dv

o

dynes

(3)

(4)

As a rough approxim
ation, we set v equal

2kT/Mo 
cm.sec-1

where k = Boltzmann's constant = 1.380 x 10-23 joule. deg-1

and T = absolute temperature of gas. Then

M n (2kT/M0)M0 o

or, solving for no

-1
n
o 

F / N17777 at sec.
M o

= v (dM/dt)

(5)
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For iron (or stainless steel); M
o 

= 5.1 x 10
-26 

 and for T near

the melting point of 15 40°C = 1813°K and assuming as a typical

value that F = 40 dynes we have

3 x 102°n
o  at sec.

-1

1.5 x 10-5 gm. sec.
-1

from which, on the basis of a weld in which the metal is melted and

resolidified at the rate of 1 gm sec
-1
, the ratio of the volume of

metal evaporated to the volume welded each second (or per inch of

weld) -- 10-5.

In the above calculations it was assumed that the velocity

with which the gas molecules escape from the cavity is equal to the

thermal velocities with which they are emitted from the interface

between the liquid and the gaseous zones. In fact the mean free path

of the gas molecules at the lowest part of the cavity, will be small

compared with the dimensions of the cavity, and therefore it is

important to consider what the behavior of the gas in the cavity

would be taking these collisions into account. Such a calculation

can be made on the basis of the conservation of energy and momentum

in the gas molecules leaving the cavity (and on the assumption that

the gas emitted from the cavity expands to zero temperature and zero

density at infinity). Thus in the cavity the gas molecules (on the

average) will have energy (1/2) M
o 

--‘;' 2 + (1/2)M0 v2 where cm.sec
-1

is the mean square thermal velocity and v cm.sec-i is the velocity of

the gas (considered as an ideal gas) sweeping up the cavity. (For
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Archimedes' Law it is the second of these velocities that is signifi-

cant.) At infinity the thermal energy will be zero, and the gas will

therefore possess a radial transla
tional velocity V cm. sec

-1 
given by

V
2-2= v + v

2
. The net upwards momentum per molecule will be (on

the average) (2/3) MoV, where the 
(2/3) term arises from the radial

motion of the gas.

In the above calculation i
t was assumed that the molecules

of the evaporating material 
do not strike the surface of the weld

specimen subsequent to being
 ejected from the cavity. If this assump-

tion can be taken as corre
ct then it is concluded that it is a not

unreasonable procedure to 
calculate the momentum leaving the cavity

per second in terms of 
the thermal velocities of the gas (although

in fact it will be the
 translational velocity of the gas at the mouth

of the cavity that wil
l be the important factor).

As a method for estimating the temperature of the liquid

lining necessary to produce such a flux of momentu
m in the evaporating

material, it could be argued that since a p
art of the vapor in the

cavity is escaping into the vacuum th
en it can be expected that the

gas pressure in the cavi
ty will lie somewhere between 0.5 and 1.0

of the vapor pressure of
 the liquid at that temperature. For iron,

to obtain a vapor pressure 
of 100 mm. Hg a rise in temperature of less

than 100 degrees above the 
melting point is required (reference 13,

p. 750) from which it can be con
cluded that these pressures are of the

correct order of magnitude to ex
plain the effects that are observed even

without the necessity for assuming extrem
ely high temperatures in the

weld cavity.
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(c) Force Due to Momentum of Metal Droplets 

From observation of the welding process it can be seen that

there is a continuous stream of metal droplets thrown out from the

weld cavity to a height of several inches above the weld. Typically

20 such droplets of diameters 0.05 cm. or less might be thrown to a

height of 10 cm. per inch of weld length. On the basis of 10" per min-

ute weld speed a material density of 10 gm. cm-3 this works out at a

force of the order of 2.8 dynes (see Appendix 1). It is therefore a

possibility that the momentum possessed by these droplets is a signifi-

cant factor in the formation of the weld cavity.

From an examination of Table I it can be seen that a force

of this magnitude might be sufficient to contribute to the formation

of the cavity (if surface tension can be excluded) in the last two

cases. However, the part that is played by this momentum will be a

consequence of the manner in which the momentum of the droplets is

derived. Thus if the droplets are ejected from the liquid lining as

a result of air pockets originally trapped in the material, then it

would appear to be legitimate to regard the momentum that is carried

by them as being of significance from the point of view of cavity

formation, but if (as has been pointed out by R. L. Longini, private

communication) the momentum of these droplets is a consequence solely

of the motion of the vapor past them, then the momentum of the droplets

should. be disregarded in the calculation. It is for this reason that

no allowance is made for the momentum of the droplets in Table I.
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(d) Surface Tension Force 

Following the procedure used by Platte(5) an estimate (probably

an upper estimate) of the total vertical component of surface tension

force F
T 

can be made by multiplying the circumference of the cavity

by 1000 dynes cm
-1

In Table I an estimate of FT 
is given made in this

way, from which it can be 
concluded that if indeed surface tension

forces are present of this magnitude
 then they can be expected to be

comparable or even greater in magnitude
 than FD, so requiring an

increased transport of momentum in the vapo
r leaving the cavity.

IV. THE STABILITY OF THE LIQUID LINING

In the above discussion it was assumed that the thickness

of the liquid lining w
as sufficiently great so that the liquid could

flow to take up hydrostatic equilibrium with the gas in the cavity.

Under any "steady-state" theory it would appear to be essential to

postulate that this is so. For it is an observed fact that the volume

of metal lost from the weld is only a small fraction of the
 metal

that has been melted and resolidified, and therefore 
the liquid must

be allowed to collect at the trailing 
edge of the cavity before

being resolidified. For this liquid to accumulate the gas pressure

at the trailing edge of th
e cavity must certainly be no greater than

the hydrostatic pressure of the liquid at a
 given depth, and it would

appear to be a necessary conclusion that the gas pressure and the

liquid pressure are equal (or very nearly equal) leading to Archimedes'

Law.

116



As an alternative it could be argued there is no need to

postulate the existence of a liquid lining, at least at the lower parts

of the cavity, the transfer of material from tne leading to the trailing

sides of the cavity being in gaseous rather than in liquid form. On the

basis of the amount of heat available (in comparison with the latent

heat of vaporization of materials commonly welded) such a situation

would not appear to be impossible, and, as pointed out by R. L. Longini

(private communication), a similarity might be thought to exist between

the condition that would exist at the bottom of the cavity in such a

case (where material liquified by the electron bombardment would be

swept away instantaneously by the current of gas) and on the surface

of a meteorite entering the earth's atmosphere, in which material

liquified. by air friction is swept away instantaneously by the air flow.

In this case the need for gas pressure at the bottom of the cavity would

be greater than would be the case if a liquid lining were to exist,

from which it follows that the value of momentum per second leaving

the cavity as given by Archimedes' Law will represent a lower limit 

to what is required.

As a further alternative it might be supposed that the

cavity, instead of being stable with time, oscillates in eitner shape

or depth. But even in this case it 'is not easy to see how the require-

ment for momentum to be projected from the cavity could be avoided.

V. CONCLUSION

In conclusion it is considered that the momentum conveyed from

the cavity in the evaporating material is of greater importance than
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electron pressure in expl
aining the formation of the cavity in electron

beam welding.
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TABLE I

Electron beam

eld

Weld
Parameters

Ref. 7
Fig. 3

(p. 52)

Ref. 7
Fig. 4

(1). 52)

Ref. 7
Fig. 5a

(ID. 52)

Ref. 9
Fig. 4

(p. 12)4)

Ref.
Fig. 10

(p. 130)

Material

Density p

gm. cm-3

s. steel

8

s. steel

8

s. stool

8

Zirc-2

6.5

s. steel

_ 8

Depth

D cm 1.25 1.9 0.62 1.0 1.25

Width

W cm 0.25 0.15 o.i6 0.1 0.07

Cavity vol.

DW2/8 cm3 0.01 0.005 0.0019 0.0012 0.0008

Table speed

cm. sec
-1

0.42 0.42 0.42 o.63 0.6

Metal Melted
3 -

cm sec
1

-1
gm. sec

o.o65

0.52

o.o6o

0.48

0.02

0.16

0.031

0.20

0.025

0.20

Electron beam

Conditions

V volts

I amps

)i
2 x 10

0.15

4
2 x 10

0.1

10
4

0.1

F

1.5 x 10)

0.009

1.5 x 105

0.0095

Force in elec-
tron beam FE

,....
0.34 INV dynes 7.2 4.8 3.4 1.2 1.3

Displacement
force FD

DW
2 

P 8 dynes 78 '59 1/1.7 7.6 6.3

F - F dynes
D E

71 34 11 6.4 5.0

Total vertical com-

ponent of surface

tension force FT

2000 W dynes 500 300 160 200 140

Fn + F - FE
dynes 
T E

dynes 571 334 171 206 _ 145
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Appendix I 

Force due to Momentum of Metal Globules

Velocity of weld = 10" per minute

= 1" per 6 secs.

Mass of metal ejected per inch of weld seam

= 20 x (413) x 7F x (0.025)3 x 10

= 0.013 gm.per inch of weld

= 0.02 gm. sec
-1

Height of ejection = h = 10 cm

velocity

. . Force

=• 2 g h

-1
2 x 981 x 10 cm. sec

= 140 cm. sec
-1

= (gm.sec-1)(cm.sec-1) dynes

= 0.02 x 140 dynes

= 2.8 dynes



COMPARISON OF VARIOUS ELECTRON BEAM GUN CONFIGURATIONS

AS APPLIED TO THE LOW VOLTAGE MELTSTOCK CATHODE TECHNIQUE

By

Joseph W. Griffith

President and Chief Engineer

and

William M. Van Datta
Development Engineer

Electro-Glass Laboratories, Inc.
Beaverton, Oregon

ABSTRACT

The low voltage meltstock cathode offers advantages over high

voltage means for maintaining molten pools in casting crucibles. Heating

of the meltstock cathode can be accomplished by combining the best

features of present electron gun configurations. A comparison of

annular guns of two types versus remote multiple gun configurations

will be made.
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C OMPARISON OF VARIOUS ELECTRON BEAM GUN CONFIGURATIONS

AS APPLIED TO THE LOW VOLTAGE MELTSTOCK CATHODE TECHNIQUE

Electron beam processing of materials has become a rapidly expand-

ing field. Thanks to the excellent job of education performed by Dr. Bakish

and his symposia, the advantages, abilities, advances and techniques of

this versatile tool are becoming the watch
word of progressive laboratories

throughout the world. It is indeed a privilege to present a small contribu-

tion to the state of the art.

In order to be brief, let us accept the process of electron bombard-

ment melting as being useful. Successful melting facilities are already

producing high purity metals. The quantity of electron beam melted metals

is increasing and the decreasing 
cost per melted pound is placing the

electron beam method closer to a favorable economic position with respect

to competition. Since new 
techniques generate new interest, a regenerative

usage schedule is anticipated, making 
more room for the utilization of

new techniques, ideas and new equipment
. With increased usage comes

a demand for larger sized parts, larger castings and larger ingots. The

megawatt electron beam furnace is a reality
1
. However, the appetite for

increased size appears insatiable, and even larger ingots are in demand.

Arc cast ingots have a size advantage at present. The arc process,

however, suffers a disadvantage in the conversion of sizes. It is always
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necessary to have the consumable electrode smaller than the cast ingot

so that desired pressure environments can be maintained in the region of

the molten metal. The large ingot size is a function of the high power,

which in the arc melting case is easier to obtain. Low voltage systems

are standard mass production items.

High voltages are presently used in the electron beam systems

for melting metals. Electrons generated from a hot surface are propelled

at 15 KV, or higher, toward both meltstock and molten pool. A plurality

of electron pencil guns has been used as well as one or more annular

3
guns

2,
 . These guns utilize high voltage electrons to bombard the

meltstock material as well as supplying the energy to maintain the molten

pool. Remote guns operate for longer periods of time without contamina-

tion and at higher tank pressures. High voltage arcs still provide

problems and current limiting systems are essential to prevent permanent

damage to furnace and the power packages associated with them.

There are also practical limits to the power available at high

voltages. The ac to dc conversion units, at the high voltages used, are

the main limitations. Circuit protection devices also provide unsolvable

problems at higher voltages. At high voltages, arc suppression systems

are essential and equipment has been damaged due to lack of, or faulty

design of, devices to extinguish high voltage, high current arcs.

The use of an electron cloud or space charge surrounding heated

meltstock has been reported
4 
. This technique attempts to utilize the
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enormous emission capability of the molten refractory metals to main-

tain a molten pool. The large emission current available is accelerated

to the cast ingot by low voltage - high current power supplies. A simple

line isolation transformer can be used in conjunction with easily available,

off the shelf, rectifiers to generate high powers needed for large ingots.

No high voltage arcs have to be suppressed or extinguished. Normally

available circuit protectors can be used. High speed control over the

power available is also possible using readily available electrical

components.

Several methods of heating the meltstock to emission (and melting)

temperatures can be used. Induction heating of the meltstock is

possible but it offers problems of directing the heat and heat penetration.

Single gun, (remote), multiple gun, (remote), work accelerated annular

gun and self accelerated annular guns offer heating possibilities. Each

has advantages. This report offers a comparison of these electron bom-

bardment devices when used to heat the meltstock to melting and

emission temperatures.

A single gun can be used to achieve emission and dripping

temperatures, (Figure 1). To erode the meltstock uniformly required

rotation. Since only one area is heated, radiation heat losses boost the

power required for emission. Electrons impinging upon the side of the

meltstock can be reflected into undesirable regions. The location of the

hot zone iss not ideal, since the best emission area is directed at a signif-

icant angle to the desired direction.
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Bombardment of the bottom of the meltstock can be accomplished

by repositioning of the gun, or by beam deflection. Since mechanical

changes to the chamber are not necessary with beam deflection, the

latter was tried with improved results.

However, if one gun is good, two should be better. (Figure 2).

More uniform heating results and heat losses are somewhat reduced.

Again, rotation of the meltstock is necessary and the use of beam

deflection to heat the bottom of the meltstock is an improvement. This

also improves the electron illumination of th
e cast pool. The system

used is shown schematically. (Figure 3). T
he meltstock cathode

power supply is exceedingly simple 
and occupies very little space.

This same supply is used for all o
f the melting experiments. (Figure 4).

The next experiment is an attempt to simplify the power supply

further. (Figure 5). A simple work accelerated gun (Temescal 4") gun

configuration was used. This gun was somewhat larger than required for

the tank used and the filament 
was reduced from .050" to .020" in

diameter. This reduced the power required to heat the filament and

allowed smaller filament controls to be 
used.

The schematic diagram of this experimental configuration,

(Figure 6), shows the use of a control grid. As previously reported, this

control grid provides an internal crucible current (or heating) control as

well as extremely fast action protection for power supplies. Most of the

experiments performed in this comparison used temperature limitation

control for simplicity.
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The picture, (Figure 7), shows the work accelerated gun mounted

above a water cooled crucible. This gun configuration improved the

heating of the meltstock and reduced the need for meltstock rotation.

Alghough probably due to the large size of this gun, meltstock emission

temperatures were obtained more quickly and more uniformly.

Arcing problems were present with this configuration. The entire

gun is mounted within the vacuum chamber. Since the body and filament

of the gun are maintained at a potential negative to the chamber, melt-

stock and crucible, arcs could occur in many places. Field emission

from sharp corners of the gun caused ionization and discharges (low

pressure arcs) which easily transferred to the low voltage area of the

tank. Alghough this method offers simplification, it did not eliminate

the problems of an enclosed gun configuration.

A self accelerated electron "gun" was designed, (Figure 8). Care

was taken to eliminate possible points and field emission. It was designed

so that the sheet of electrons emitted from the hot filament followed a

funnel shaped path to the meltstock. This was done to minimize back

bombardment of the hot cathode by charged particles leaving the melt-

stock. No direct line of sight path existed between the hot zone on the

meltstock and the filament.

Meltstock cathode illumination was greatly improved over all

other methods of heating. Excellent control of the temperature and width

of the hot zone was possible since it was possible to focus the beam
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striking the work. With this system, it is not necessary to rotate the

meltstock although some improvement is possible. There was also less

tendency to arc, but such arcs were again transferred to the low voltage

region of the experiment. No significant contamination was observed on

the filament after prolonged usage in other experiments. Filaments lasted

ten to twenty times as long with the self accelerated configuration as with

the work accelerated guns.

SUMMARY

The low voltage meltstock cathode offers a new approach to

high vacuum melting of refractory materials. Comparison of several

electron bombardment methods of heating the cathode indicate that

remote guns (exterior to the chamber) require work rotation but are

easily maintained. Annular guns of the work accelerated type require

careful design to eliminate arcing problems but heat the meltstock more

uniformly. Self accelerated annular guns with beam deflection offer

many advantages in simplicity, less arcing problems than the work

accelerated type, and infinitely better meltstock heating than all others.
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PROPERTIES OF ELECTRON-BEAM PURIFIED MATERIALS
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Alan Lawley
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ABSTRACT 

In recent years there have been many detailed investi-

gations of the physical and mechanical properties of materials

(metals, alloys, non-metals) prepared by electron-beam melting or

refining. The present paper deals specifically with the purity,

workability, and mechanical properties of the group V A refractory

metals niobium and tantalum, the group VI A refractory metals

molybdenum and tungsten, and the platinum group metals (group VIII

A, B, C) ruthenium rhodium, palladium, osmium, iridium, and

platinum. The properties of these materials are compared and con-

trasted with those of the materials prepared by the more conventional

sintering, arc-casting, and other consolidating techniques.
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Properties of Electron-Beam Purified Materials

Abstract

In recent years there have been many detailed investigations

of the physical and mechanical properties of materials (metals, alloys,

non-metals) prepared by electron-beam melting or refining. The present

paper deals specifically with the purity, workability and mechanical

properties of the group VA refractory metals niobium and tantalum, the

group VIA refractory metals molybdenum and tungsten, and the platinum

group metals (group VIII A,B,C) ruthenium, rhodium, palladium, osmium,

iridium, and platinum. The properties of these materials are compared

and contrasted with those of the materials prepared by the more conven-

tional sintering, arc-casting, and other consolidating techniques.

1. Introduction 

The recent advances made in the fields of aeronautical engi-

neering, nuclear energy, and space and missile technology have greatly

increased the demands made on structural materials. As a result of this,

there has been a substantial increase in the research effort devoted to

what may be termed the lesser known metals and their alloys. This group

of metals is comprised of tantalum, niobium, molybdenum, tungsten, and

vanadium. In addition, the platinum group of metals offer advantages

in specific applications, despite the relatively high materials cost.

The fields of study of the lesser known metals include:

(1) An evaluation of the flow and fracture properties of the body-centered

cubic lattice. (2) A determination of the electronic structure of these

transition elements. In either field it is essential to work with ultra-

pure material in order not to mask any inherent effects caused by
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impurities. Further, from technological considerations, it is necessary

to obtain a relatively pure material consistent with sufficient fabri-

cability and the desired mechanical strength. These demands on purity

have in turn led to the development of the Van Arkel iodide process,

solid state purification, vacuum distillation, electron-beam melting,

and electron-beam vertical floating zone refining.

In the present paper, interest is centered on the properties

of material consolidated by electron-beam melting and electron-beam

zone refining. Purity, workability, and mechanical properties are the

parameters of direct concern. With the exception of vanadium, it is

possible to make a detailed comparison between the properties of high-

purity material and those of material consolidated by other techniques.

Tantalum

Tantalum is located in group VA of the first long series of

the periodic table. Hitherto, pure tantalum has been used almost

exclusively in electrical applications (rectifiers, capacitors, tubes),

and for chemical equipment involving corrosive media. Currently,

however, much interest centers on the use of tantalum as a basis for

high temperature alloy development since the metal combines a high

melting point (2990°C) with excellent fabricability. However, the

limitations of only moderate high-temperature strength properties and

poor oxidation resistance must be fully considered. Several extensive

investigations are under way concerning the workability and mechanical

properties of tantalum consolidated by electron beam melting or refining,

and comparisons have been made with sintered and arc-cast material.
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Purity

Impurity levels reported for tantalum in various forms (reduced

powder, sintered, arc-melted, electron-beam melted or refined) are as-

sembled in Table 1. In the electron beam zone-refining of tantalum,

zoning speedsew2 mm per min, are common , and this results in a total

interstitial impurity content (carbon, nitrogen, oxygen, hydrogen) of

some 50-70 weight parts per million. In the standard refining units,

a single turn horizontal tungsten wire surrounds the specimen. With

this arrangement, it is possible for cross contamination to occur between

filament and sample. Thus Ferriss
(5) reports a tungsten pick-up of

1000p.p.m. in this way. The removal of many of the metallic impurities

(iron, molybdenum, nickel, silicon, aluminum, titanium, copper) to a

level below the limiting value for spectral analysis is due to volatil-

ization rather than a true zoning action.

As may be seen from Table 1, it is possible to purify tantalum

by vacuum sintering to a level equal to that of electron beam melted

stock provided the correct times and temperatures are adhered to.

Essentially the thermodynamics are the same in both operations and only

the kinetics vary. Thus Michael
(1) 

observes that in solid state vacuum

sintering, hydrogen is removed in the temperature range 600-1200°C,

carbon-monoxide at 1600-2000°C, and oxygen and nitrogen above
 2000°C.

Similarly, Schmidt et al
(2) report oxygen contents below 5p.p.m. for

sintering treatments (5 hours) at 2860
o
C. With electron beam melting,

outgassing occurs from the molten state at,....,3000°C.

Workability 

Unlike the other body-centered cubic refractory metals,

tantalum does not possess a ductile-brittle transition temperature
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Table 1 Analysis Data for Tantalum

Impurity - parts per million - ND: Not Detected

W Ti Cr Cu Ni Mn Al Ref.o2 N
2 

H
2 

Nb Fe Mo Si

Reduced 100/1000 50/2000 50/100 100/1000420 100/200 50 100/5004100.<100 1
Powder

900 1360 130 71 20/200 4/40 10 .‹ 5 2

Sintered 200 56 130 - 1000 150 100 3
Powder

4 100 20/50 10/30 <10 4 200 50/100<50 .4100 <.100<100 1

14 80 60 4

< 5 10 <0.6 2

Arc-Melted 30 100 35 45 20 25 50
Ingot

lo lo 50)40 5o 5o 5

15o 280 60 <10 <.100 <100 - <So 56 4100 .<ioo lacioo 6

35 12 12 7

8 14 100 7

3 96 12 7

Electron- 50 60 60 1
Beam
Melted
Ingot 30 16 10 1.4 100/300 8

6

3 3o 3 2

20 46 30 3.2 2

<10 7 18 7

<30 .<30 8 8

4 100 20/50 10/30410 <200 50/100 <50<100 4100<100 1

Electron- 10/30 30 10 10 ND* ND ND 1000 ND - ND ND 1 ND 5
Beam Zone
Refined
Crystal 3 ND 2.5 9

8 40 20 7

I 3 7



I

range so that even for relatively impure material (,...99.9%) there is a

certain amount of ductility at all temperatures. It is, therefore, not

surprising that single crystal rods 1/8" dia., produced by electron beam

zone refining may be cold swaged to wire sizes below 0.030" dia.

without intermediate annealing stages.

High-purity polycrystalline electron beam melted tantalum

may be converted into standard mill products by a combination of cold

forging and rolling. When cracking is observed with cold working

operations, it may be directly related to localized concentrations of

interstitials in the material. As a general guide to the purity

requirements for cold workability, McCull 
(10)

ough gives maximum tolerance

levels for carbon, nitrogen, and oxygen as 150, 50, and 200 p.p.m.

respectively; for tantalum satisfying these requirements, cold reductions

> 90% are common.

Holden et al
al) report that coarse-grained electron beam

melted ingot~ 211 dia. may be cold-rolled to ~0.035" strip (..#98%

reduction in thickness) without cracking. However, because of 'banding'

in the material, optimum conditions are obtained with intermediate

annealing at ..%01200°C, followed by a final cold reduction of 75%.

Schussler and Brunhouse
(6) 

examined the formability of tanta-

lum in the arc-cast, electron-beam melted, and sintered conditions in

relation to the more common metals. A measure of the potential forma-

bility may be obtained from the true stress- true strain behavior(12)

The flow equation gives:

= K gn (1)

whereris the true stress, K is a constant (strength coefficient), 6

is the true strain, and n is a constant known as the strain-hardening
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exponent, and the equation is only valid up to the limit of uniform

elongation.

cr-
The "formability index" is defined as n , the ratio of true

stress at the limit of uniform strain to the maximum uniform strain.

Cr
For opLimum formability -F-I should be as small as possible, i.e., a

large n value combined with a small a- value. In Table 2, values of

a-n, K5 C:rand --are given for cold-worked and recrystallized tantalum

in the arc-cast, electron-beam melted, or sintered condition. From

the table, it is clear that electron beam melted tantalum has superior

general formability to the arc-cast or sintered stock. From a com-

parison of the indexwith that for other materials, it is found

that recrystallized electron-beam melted tantalum has formability

characteristics similar to those of annealed 2024 aluminum alloy.

Recrystallized arc-cast tantalum requires a somewhat higher forming

stress than annealed low carbon steel, but has better formability than

recrystallized sintered tantalum.

In the development of tantalum and niobium base alloys, using

electron beam melting techniques, Smith et al
(13) 

have been primarily

concerned with the properties of high-temperature strength coupled with

good fabricability, i.e., the ability of the alloy to be rolled or

otherwise worked at relatively low temperatures. Tantalum base, tanta-

lum-tungsten alloys with up to •••. 1.5% tungsten possessing these require-

ments have been produced in this way, the alloys having a low level of

interstitial and metallic impurities. As a specific example, the

tantalum-10% tungsten alloy is completely fabricable and may be forged

from 4-6" dia. ingots at temperatures around 120000. Fully annealed
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alloy slabs may be rolled at temperatures as low as 260°C to‘%, 88%

reduction in thickness before requiring a re-annealing treatment.

Since tantalum is inherently more ductile than the other

refractory metals, the difference in fabricability between the

electron-beam melted, arc-cast, and sintered grades is less pro-

nounced. Thus for many applications it may be economically

desirable to use arc-cast material. Morgan and Butler(14) have

recently analyzed the problems encountered in attempting to operate

consumable-arc furnaces at pressure conditions resembling those in

electron-beam meltingmm lig). It is concluded that it is

in fact possible to obtain material of equivalent purity using

either melting technique.

Mechanical Properties 

The mechanical properties of electron-beam zone-refined

single crystals of tantalum have been studied by Ferriss et al(5)

and Adams
(15) 

at temperatures down to -196
o
C. At low temperatures

the plastic strain becomes extremely localized and leads to a ductile

shear rupture and reductions in area 100%. Below about -100°C,

material which has yielded is unable to support any further increased

load; i.e., the material has zero uniform strain and deforms continu-

ously at the region of initial deformation. Single crystal hardness

values of 65 V.D.H.
(16) 

and 68 V.D.H.(9) have been reported. These

values are to be compared with a figure of 85 V.D.H. for poly-

crystalline electron-beam melted tantalum and 120 V.D.H. for recrys-

tallized arc-cast tanta1um(6).
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For polycrystalline electron-beam melted material, hardness,

recrystallization, and tensile behavior have been studied by Schussler

and Brunhouse(6) and Schmidt et al(2). The dependence of hardness on

the degree of cold reduction of electron-beam melted, arc-cast, and

sintered tanta1um is illustrated in Fig. 1. Arc-cast material work

hardens rapidly in the initial 20% reduction and then undergoes

little further hardening up to ", 60% reduction. The rate of

work-hardening then increases to give a hardness of 230 V.D.H. at

911, reduction. Electron-beam melted tantalum with a recrystallized

hardness of 85 V.D.H. work-hardens slightly to 97 V.D.H. in the

initial 20% reduction. Myers(17) data on sintered tantalum show

that hardness increases over the whole range of reductions with a

value of 202 V.D.H. at 95% reduction.

The effect of annealing on the hardness of cold-worked

tantalum is shown in Fig. 2. As may be expected, the sintered

material has a higher recrystallization temperature than the electron-

beam melted stock. Specific temperatures for complete recrystalliza-

tion, as a function of degree of cold work, are given in Table 3.

For arc-cast tantalum given 87% reduction, Schussler and Brunhouse(6)

report 1230°C as a minimum temperature for complete recrystallization.

A comparison of the yield strength, ultimate tensile strength

and elongation to fracture is made for various grades of tantalum in

Fig. 3, a,b,c. Consistent with hardness and recrystallization obser-

vations, the higher-purity electron beam melted material has the lowest

yield and ultimate tensile strength but the highest ductility. This is

particularly true at sub-zero temperatures where the increase in

strength with decrease in temperature is most marked.
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The specific effect of nitrogen and oxygen on the rupture

strength of tantalum is illustrated in Fig. 4. The data are taken

from the work of Holden et al
(11) 

for the temperature range 750°C to

1200°C, with the rupture strength plotted against the Larson-Niller

parameter. Oxygen causes considerable strengthening at,%0350°C. At

higher temperatures, however, nitrogen is the more effective strength-

ener of the two, the strengthening effect decreasing with increased

time and temperature of test.

Niobium

Niobium, situated in the second long series of the group VA

elements, has a high melting point (2)468°C), good resistance to liquid

metal corrosion at moderate temperatures, a low thermal neutron capture

cross section, and reasonable ductility at ambient temperatures. In

addition, its density (8.57 gm.cm-3) is lower than that of tungsten,

molybdenum, or tantalum.

Considerable effort has been devoted to the development of

niobium-base alloys for high temperature applications and to the study

of mechanical properties at sub-atmospheric and moderately elevated

temperatures. The techniques of electron-beam melting and refining

have proved to be extremely useful in the preparation of high-purity

niobium, or impurity level-controlled niobium for base line data

studies.

Purity

Representative impurity levels for niobium in differing

forms are listed in Table 4. The list is by no means exhaustive,
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Table 4 Impurity levels for Niobium

Fe Ta Ti Zr B W Al Mo Ref.

2parts per million -

C 02 
N
2 

H
2 

Si

Powder 1900 ^d5000 lo/loo 20/200 1600 _ 8200 _ - 70/700 - 18

2500 5000 700 - 800 500 3000 500 19

Sintered 35 600 300 - <100 < 150 400 <150 <500 < 1 100 4:20 dc 20 20

114 210 120 - _ 3380 - <1000 21

220 650 220 9 - - 1600 - 6200 18

150 1200 200 - 22

Arc-Melted 300 400 200 <10 <150 <150 1000 <150 <150 1 23

240 360 190 - <500 24

16 625 76 7

Cage Zone-
Melted
(H.F.Heatin )

101 100 180 1440 400 18

Floating
Zone (H.F.
Heatin )

240 30 80 18

Electron-
Beam
Melted

4

Electron-

Beam
Zone-
Refined

15 100 80 7

700 100 500 200 1500 3000 3000 25

210 100 .90 8 dr150 <150 moo < i5o <150 1 23

30 100 90 l00 < 150 400 <150 <Soc < 1 1004'20 < 20 20

180 200 110 1 200 40 2000 1700 <300 26

27 140 130 2 20 1930 20 <300 24

200 670 70 18

198 15 60 18

33 7 25 - <10 <10 l000 4r5o 1000 - 'c5 27



however, it gives adequate information as to the effect of the various

consolidation procedures on the overall purity. With electron-beam

melting the most important factor determining purification is the

relative vapor pLessures of the various metals and impurities at the

working temperature. As a general rule, any impurity with a vapor

pressure of ten times or more that of the niobium will be removed

effectively. Other factors determining the purification process

include the equilibrium concentrations of the impurities in the molten

state, intermetallic compound formation, and physical bonding forces.

Aschoff and Baroch
(20) 

have applied electron-beam melting

to the production of both unalloyed niobium and the F-48 alloy

(15% W, 5% mo, 1% Zr). With a melting rate between 10 and 20 lbs

per hour, it is found that purification occurs by the evaporation

of the metal oxides of molybdenum, boron, tungsten, zirconium,

thorium, hafnium, tantalum and yttrium. Carbon is removed as carbon

monoxide. In the melting of the F-48 alloy, the ratio of both molyb-

denum and tungsten to niobium decreases, the reverse of their respec-

tive pressures. This is due to the higher vapor pressures of the

molybdenum and tungsten oxides. Aschoff and Baroch report that

electron-beam melting may be profitably used for the recycling of

scrap niobium, contaminated with oxygen, nitrogen and other processing

impurities.

From an earlier evaluation of the electron beam melting of

niobium, Smith et al
(28) 

conclude that vanadium and metals of greater

volatility than vanadium evaporate rapidly to concentrations less than

a few hundredths of a percent by weight. Thus iron, aluminum, nickel,

and chromium will be removed, but the impurity levels for zirconium,
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molybdenum„, and tantalum will be relatively unaltered. It is observed

that the loss of oxygen as Nb0 proceeds at a rate about four times

faster than that of oxygen as CO or nitrogen as N
2
. At an initial

melting rate ofiNw10" of ingot per hour, the oxygen content decreases

from 2500 p.p.m. to ~500 p.p.m. Remelting at the same rate causes a

further reduction to e•••,150 p.p.m. The rate-limiting mechanism in the

removal of CO and N2 is the diffusion of carbon, nitrogen, and oxygen

in the liquid niobium. In order to reduce the nitrogen content to a

satisfactory level, it is necessary to either melt at reduced rates,

or to use niobium stock having an initially lower nitrogen content.

As noted above, part of the carbon is removed in the form of CO and

part as Nb0. However, if the initial oxygen: carbon ratio is greater

than 5:1, and the initial carbon content is 500 p.p.m., the carbon

content is reduced to ev 150 p.p.m. for the above melting rate.

Although zirconium alone is not noticeably removed, it is found that

a 1% Zr - niobium alloy loses 90% of the zirconium in the form of

Zr0 on electron-beam melting. In this way, the oxygen content

decreases from 0.15-0.2 to 0.02-0.03 wt. %.

Begley
(18) 

finds an effective reduction in the oxygen

and nitrogen content of niobium. The electron-beam melting was

carried out at Temescal Metallurgical Corporation using a feed

supply of 20-80 mesh niobium powder. Although the carbon level is

greatly reduced, the magnitude of the decrease in carbon and oxygen

does not correspond to the formation of CO. Again the formation of

volatile oxides is primarily responsible for the decrease in the

oxygen and metallic impurity content. Summarizing, the electron-

beam melting technique is superior to vacuum arc-melting in reducing
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interstitial impurities, particularly when the starting material has

a relatively high overall interstitial content.

For electron beam zone-refined single crystals of niobium,

Wellings and Maddin(27) obtain an extremely pure product following

six zone passes. The impurity levels of the important elements in

the as-received, one zone-pass, and six zone-pass material are

listed in Table 5. The significant reduction in the zirconium and

oxygen content is again evident.

Workability

McCullough, Begley
(18)

, and Mincher and Sheely
(23) 

have

examined the working properties of niobium consolidated by electron-

beam melting. As in the case of tantalum, the pure material is cold

ductile, and the remarks made concerning tantalum apply equally well

to niobium. Thus, in general, the material can be reduced by cold

working > 90;7, reduction -without an intermediate annealing stage.

This holds true for both fine and coarse-grained ingot material. It

is in the initial ingot break down stages that the danger of cracking

is highest. The limitations on cold working actually lie with the

size of the available equipment rather than with the niobium. To give

specific examples of workability, Begley
(18)

, starting with 3" dia.

ingot produced sound 0.010" thick sheet by a combination of cold-

forging and rolling. Similarly, 1.5" dia. ingot was cold rolled and

cold-swaged to 0.3" dia. rod. Mincher and Sheely
(23) successfully

cold worked electron-beam melted niobium to 755 reduction by cold

groove-rolling, followed by cold swaging to 95% reduction. Adams

(25) .
et al Smith et al

(28)
, and Wessel et 

al(26) 
have also cold reduced
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Table 5 

Impurity

C

02

N
2

Si

Fe

Ta

Zr

The Purification of Niobium Single Crystals By Electron-
Beam Floating Zone Refining(27).

As-received I Pass 6 Passes

p.p.m. p.p.m. p.p.m.

l 35 33

460 84 7

82 38 25

10 <10 < 10

10 < 10 <10

1000 1000 1000

5000 _ 1000
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high purity niobium to sheet or wire form without tearing or cracking.

By comparison, attempts to cold roll vacuum arc melted

niobium
(18) were not successful, it being necessary to either roll at

^.0 1000°C, or forge at--' 950°C in order to avoid material break-up.

However, once the initial break down of the ingot was accomplished

("-060% hot working), it was possible to proceed with cold working

operations. Similarly, Mincher and Sheely
(23) found it necessary to

either hot extrude (1260°C) or hot forge (11)450C) vacuum arc-cast

niobium ingot prior to cold swaging. In the material examined by

Begley
(18) 

the oxygen and nitrogen interstitial impurity levels in

the electron-beam melted and arc-melted niobium were comparable.

However, the latter had, in most cases, a higher carbon content, and

this was believed to account for the poor cold workability.

Smith et 
al(13) 

examined the workability of many niobium

base alloys prepared by electron-beam melting. As a general rule,

it was found that 15% tungsten and 4% molybdenum represented the

practical limits for alloying with niobium. Alloying above these

limits caused the ductile-brittle transition temperature to rise

above room temperature. As may be expected, additions of tantalum

up to 30% had little effect on the impact properties.

Mechanical Properties 

The relationship between hardness and % reduction (cold

rolling) for high-purity cage zone melted niobium (Beg1ey
(18)

) is

given in Figure 5. This relationship has not been established for

electron-beam melted niobium. However, because of the similarity in

impurity content in the two cases, it is anticipated that this curve

* High frequency heating.
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will be iepresentative of the strain-hardening behavior of electron-

beam melted material. For purposes of comparison, hardness curves are

included for commercial purity sintered niobium (Page (29), Williams (30))

and for niobium-oxygen and niobium-nitrogen alloys prepared by levita-

tion melting (Begley and France
(31)

). The lower rate of strain

hardening and the lower final hardness of cage zone-melted material

is attributed to its higher purity.

Recrystallization of electron-beam melted niobium cold rolled

60%, 80%, and 95% (Begley(18)) is illustrated in Figure 6. The isoch-

ronal softening curves are for 1 hr. annealing periods. For complete

recrystallization, the temperatures required (1 hour anneal) are 960°C,

1080°C, and 1150°C, for prior reductions of 60%, 80%, and 95%, respec-

tively. Consistent with Figure 5, the annealing curve for a 99.8%

purity sample cold worked >50% (Lement et al(32)) lies well above the

curves for high-purity material.

Tensild data for recrystallized electron-beam melted -(23 
5
26 )

arc-cast
(23)

, and 
sintered(22) 

niobium are compared in Figure 7 a,b,c.

In the lower temperature range, all materials show the characteristic

strong temperature dependence of yield stress and ultimate tensile

strength.

The ductile-brittle behavior of electron-beam melted niobium

has been studied by Begley and Platte
(24) and Mincher and Sheely

(23)

The former workers used a modified Izod specimen, and the data obtained

are compared with that for recrystallized arc-cast and sintered material

in Fig. 8. The ductile-brittle transition range is seen to be", -125°C

for the beam melted stock, close to room temperature for arc-cast stock

and ~150°C in the case of sintered niobium. Surprisingly, the
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interstitial impurity content and grain size of both the beam-melted

and arc-melted material are similar. The large difference in transi-

tion temperature is attributed to variations in metallic impurity

content.

The Charpy V-notch impact test data of Mincher and Sheely

are included in Fig. 8. Again the transition temperature for the

beam-melted material is at least 100°C below that of the arc-melted

stock. In this case, however, the difference is consistent with

the higher degree of purity in the beam-melted niobium.

Molybdenum

Molybdenum is a group VIA element of the second long series

and possesses a high melting point (2610°C), high elastic modulus, and

excellent strength to density ratio at elevated temperatures with small

alloy additions. Limitations in the use of molybdenum are imposed by

its poor oxidation resistance at temperatures>—%1600°C and by limited

low temperature ductility; cf. tantalum, niobium and vanadium. In

order to overcome the oxidation problem, cladding or coating systems

are being developed. At the same time, in an attempt to improve

workability and ductility, a variety of consolidating techniques are

(34)
under survey. Semchyshen and Barr' have made a preliminary

study of the purity, workability and mechanical properties of electron-

beam melted molybdenum. Lawley et al(35) have been concerned with

electron-beam zone refined single crystal material.

Purity

Theoretical calculations indicate that at the temperatures

and pressures operative in electron-beam melting it should be possible
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to remove practically all impurities from molybdenum, with the excepLion

of rhenium, tantalum, and tungsten. Analyses made on such material show

that this is in fact true; in most instances, the impurity levels are at

or below the reliable limits of detection set by the method of analysis.

Thus, for quadruple electron-beam melting of 3" dia. ingots, Wah Chang

Corporation report a total interstitial content below 40

In the case of six zone pass electron beam refined 1/8" dia. rod,

Lawley et alOS) obtain a total interstitial content... 15 p.p.m.

Representative impurity levels for molybdenum, following various con-

solidating procedures, are listed in Table 6.

As in the case of niobium, metal suboxide volatilization is

an extremely effective means of deoxidation. At the same time, almost

complete distillation of excess metal impurity (e.g. aluminum, titanium)

takes place. However, from a consideration of the observed changes in

carbon content, Semchyshen and Barr
(34) 

conclude that for effective

deoxidatio), at least e.-00.022% carbon is necessary, in addition to

titanium or aluminum. In the absence of carbon, vacuum melting per

se will not give a material free from grain boundary oxide.

Electron-beam zone-refining speeds ,3 mm per min, are in

common use, and it can be shown that under these conditions, only

carbon may be expected to segregate along the molybdenum sample.

Belk(142) observed a carbon concentration at the initial solid --

liquid interface, while a region 0.5 cm to 3 cm from the starting

end had the lowest carbon content. In all cases the final solidified

zone had a carbon content in excess of that of the starting material

(0.008 wt. %). 'An overall reduction in the impurity content of iron,
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copper, and nickel was due to vaporization from the molten molybdenum.

Lawley and Maddin(43) were able to electron-beam zone refine

high-purity alloy single crystals of molybdenum -- rhenium over the

composition range 5-35 at. % Re. By using the zone-levelling tech-

nique it was possible to maintain a homogeneous distribution of

rhenium along the single crystals. The analysis for a 35 at. % Re

alloy is included in Table 6. Again it is seen that the total

interstitial impurity content is 440

Workability

Several examples serve to illustrate the excellent cold

workability of electron-beam consolidated molybdenum. Lawley

et al05) were able to cold-swage 6 zone-pass single crystals

("0 0.1" dia.) to 80% reduction in area before the onset of

cracking. Likewise, Spacil and Wulff
(145) 

enclosed l/4" dia. single

crystals in thick steel tubing prior to swaging at room temperature,

and in this way were able to obtain reductions-.090% in area. Moreover,

it was found that annealing at 2100°C, followed by slow cooling, gave

a highly ductile material in spite of the coarse grain structure.

The cold-rolling of high-purity single crystal molybdenum

has also proved successful. Wah Chang CorporationV ü  rolled 3"

dia. single crystal bar to sheet,v 0.010" thick- The ductility of

the single crystals grown by Belk
(142) was such that they could be

cold rolled to reductions ^0 30% without cracking. Ogawa and:Maddin(46)

cold-rolled 0.1" dia. single crystal molybdenum bar directly to 0.010"

strip, followed by sandwich rolling to 0.005" foil without intermediate
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annealing. The crystals were given an initial annealing treatment in

the electron-beam floating zone unit at 2500°C.

In order to assess the room temperature workability of

polycrystalline electron-beam melted molybdenum ingot, Semchyshen

and Barr04-7) subjected transverse discs, cut from two separate

ingots, to cold pressing. Carbon content and grain size were the only

variables. It was found that linear reductions"... 40% and 14% were

obtained prior to cracking for carbon contents of 20 p.p.m. and

170 p.p.m. respectively. The higer ductility of the low carbon ingot

is apparent. The grain-size of the 0.002% ingot was t111 2.5 times

greater than that of the 0.017% C ingot. Had the grain sizes been

comparable in the two cases, the difference in ductility would un-

doubtedly have been greater.

Mechanical Properties

The effect of electron-beam zone refining on the hardness

of single crystal molybdenum is illustrated in Figure 9 (Law1ey
(48)

) •

The hardness figures refer to average values for the single crystal

structure. Even though the lattice is cubic, there is a definite

dependence of hardness on orientation. In the softest orientation

the Knoop figure is as law as 145 (VDH .^t132). The minimum average

hardness is me-142 VDH. For comparison, the hardness figure for

unalloyed polycrystalline arc-cast molybdenum is about 180 VDH.

Hardness values reported for single crystal zone-refined tantalum,

niobium, and vanadium are 68, 37, and 62 VDH respectively. It is

interesting to note that the Knoop hardness decreases continuously

over the first five zone passes, indicating a progressive increase in
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purity. Spectrographic and gas analyses on the other hand show no

systematic differences in impurity content after one and six zone-

passes. Evidently, after only one zone pass, the impurity levels are

at, or below, the reliable limits of detection.

Semchyshen and Barr04) followed the recrystallization of

electron-beam melted molybdenum rolled to a hardness in the range

236-254 VDH. For isochronal (1 hour) anneals, complete recrystalliza-

tion was observed at temperatures in the range 1150°C to 118000.

Spacil and Wulff(5) report recrystallization below 1250
o
C in similar

material initially cold swaged to ̂ ,90% reduction in area. These

values are somewhat lower than those reported for commercial purity

molybdenum but are higher than the value reported by Wong
(49) for

cold -worked Pentachloride molybdenum. The rate of grain growth

observed in the beam melted material is higher than that of powder

metallurgy or arc-cast molybdenum.

Yield and ductility data for various grades of molybdenum

are compared in Figure 10 a,b. In contrast to the group VA refractory

metals, the yield strength of molybdenum is extremely sensitive to

impurity content at all temperatures below 400°C. Thus, after

allowing for variations in grain size (arc-cast, sintered,..'0.0.5 ram

dia., electron beam refined..., 0.1 mm dia.), the lowest yield stress

values are for the highest purity material.

Summarizing the tensile data of Lawley et a1
05) for single

crystal and polycrystalline electron beam zone-refined material, over

the temperature range 4.2°K to 373°K: (1) Molybdenum '0' 99.995%

purity behaves in a ductile manner down to 4.20K, at which temperature

the material is still capable of withstanding"..5% uniform strain
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(strain to the onset of necking). (2) The important effect of im-

purities 4;0.001% is reflected in the decreased temperature dependence

of yield and flow stress with increasing purity. In the highest purity

material deformation twinning is sometimes observed in single crystals

at temperatures below 77°K.

The impact properties of electron beam zone refined single

crystals of molybdenum (un-notched, 1/4" dia.) were examined by Belk.

For carbon contents of 0.001, 0.002, and 0.008%, the ductile-brittle

transition temperatures were -180°C, -140°C, and -40°C, respectively.

The effect of grain boundaries on the transition properties may be

estimated from the fact that a 'forged and recrystallized 0.002% C crystal

(grain dia. 0.25 cm.) gave a transition temperature of -80°C, Figure 11.

Arc-cast unalloyed molybdenum, having the same carbon content (0.002% C)

but a finer grain size (0.032 mm dia.), shows a corresponding transition

temperature of ••••100
0
C 
(8') .

Tungsten

Tungsten (Group VIA, third long series) has a melting point

of 3410°C, highest of all the metals, and a modulus of elasticity higher

than that of niobium, molybdenum, or tantalum. However, as in the case

of molybdenum, oxidation resistance is relatively poor, and in addition,

the ductile-brittle transition occurs above room temperature, thereby

imposing limits on structural applications. Consolidating techniques

aimed at improving the purity and cold-workability of tungsten are

still largely in the experimental stage. Several investigations have

been carried out on single crystal tungsten grown by electron-beam

zone refining, but there have been few specific studies of the work-
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ability and mechanical properties of electron beam melted ingot. This

is, of course a reflection of the practical difficulties involved in

such a venture.

Purity

Impurity levels found in the various grades of tungsten are

listed in Table 7. From the data of 5chadler
(53) on material given two

zone passes at 3 mm per min., it is apparent that of the common impuri-

ties only carbon and molybdenum are detected after zoning. The 298°K

to 4.2°K resistivity ratio (Bean, DeBlois, Nesbitt(54)) along the zoned

sample gives a measure of the amount of impurity in solid solution, and

it is found that the crystal is purified both by vacuum distillation and

by zone-refining. Spectrographic analyses of zoned tungsten listed by

Atkinson(5°) are in general accord with these observations. A carbon

level in the range 20-40 p.p.m. appears common to all electron-beam

zone refined single crystals(50,51,53)•This is about twice the level

attained in tungsten following a short-time anneal in high vacuum at

temperatures2000°C. It is believed that carbon contamination occurs

from back-streaming of diffusion-pump oil, or from gaskets in the workin,,,

chamber. Votava and Berghezan
(55) are actually constructing electron-

beam zone refining apparatus with a hydrocarbon-free working chamber,

and in this way it is hoped to obtain total interstitial concentrations

of the order of one part per million.

Workability 

Very little data are available concerning the workability

of electron-beam refined tungsten. Orehotsky
(56) mentions the cold

working of zone-refined rods, but no specific reduction figures are
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available. Allen et 
a1(51) 

observe cracking in single crystals rolled

at 400°C and 600
00. However, at 800°C it was possible to reduce material

to a total 50% reduction, using 10% reductions per rolling pass.

Mechanical Properties

The recrystallization behavior of electron beam refined and

sintered tungsten (Allen et al(51)) is illustrated in Figure 12. It is

apparent that recrystallization occurs at a lower temperature in the

beam refined material (1300°C) than in the sintered grade (1700°C).

Arc-melted tungsten of comparable purity (Atkinson
(50)

) recrystal-

lizes at approximately 1350°C. The trend towards a lower recrystal-

lization temperature with increasing numbers of zone passes indicated

that trace metallic impurities exerted a more potent effect than did

interstitials, since the concentrations of the latter remained

approximately constant following the first zone pass. 0rehotsky(57)

reports that zone-purified, cold worked tungsten recrystallizes at

temperatures '-'1100°C. Without zone-purification, the corresponding

temperature is above 150000.

Atkinson and Koo
(50)

, Schadler(53), and Ferriss et a1
(5)

have made detailed studies of the effect of electron-beam zone

refining on the mechanical properties of single crystal tungsten.

These studies include aspects of slip, twinning, cleavage, and the

effect of orientation. In general, it is found that the critical

resolved shear stress decreases with increasing purity, and crystals

may withstand 2-4% plastic strain at temperatures down to 20°K. For

crystals of constant orientation, the proportional limit, measured

under four-point bending, increases from 78,000 p.s.i. at the starting
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end to 98,000 p.s.i. for material at the finishing end of zoned

material. These crystals are sufficiently ductile that they can be

bent or twisted into circular folus at room temperature. Quanti-

tatively, Pugh
(58) showed conclusively that the high ductility of

electron-beam refined single crystals is directly related to the

reduction in Impurity content. Thus, single crystals grown by the

strain-anneal method were found to be more ductile than polycrys-

talline material, but significantly less ductile than electron-beam

refined crystals of similar orientation. In the particular case

of an orientation close to (100) at room temperature, the strain

anneal crystal had an elongation to fracture ̂ .02% compared with a

value ••••• 22% for beam refined material.

Atkinson and Koo
(50) obtained a ductile-brittle transition

at -.,-11G°C for electron-beam refined crystals with an orientation

close to (011). Allen et al
(51) 

also report that the ductile-

brittle transition occurs below room temperature for single crystals.

The absolute value of the transition temperature is extremely sensi-

tive to surface imperfections so that great care is necessary in

specimen preparation.

Bend ductility data for powder-metallurgy tungsten and

recrystallized zoned material are given in Figure 13
(51)

. The

ductility curve for the recrystallized zone-purified material is

only 50-100°C lower than that of recrystallized powder-metallurgy

material and gives a transition at'%1320°C. This is significantly

higher than the value of 230°C found for the wrought-stress relieved

powder-metallurgy material. Therefore, it is apparent that the
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presence of high angle grain boundaries is more detrimental to low-

temperature ductility than is the presence of impurity elements. In

agreement with these findings, Orehotsky(57) observes a lowering of

the transition temperature with increasing purity, for comparable

grain sizes.

The Platinum Group Metals 

The platinum-group transition metals consist of ruthenium,

rhodium, palladium, osmium, and platinum. In the periodic table,

ruthenium, rhodium, and palladium fall in groups VIIIA, VIIIB, and

VIIIC, respectively of the second long series, while osmium, iridium,

and platinum are positioned in groups VIIIA, VIIIB, and VIIIC,

respectively of the third long series. Compared with the refractory

metals and alloys, the platinum group metals are higher in cost and

relatively scarce. Nevertheless, in certain areas, these materials

offer advantages over refractory materials. Thus, in general, the

platinum group metals are resistant to mineral acids and certain

oxidizing acids. Specifically, iridium maintains its strength at

high temperatures, and this is coupled with good oxidation resistance

and resistance to carbonaceous atmospheres
(59). Ruthenium(6°) on the

other hand shows poor oxidation characteristics but possesses the

lowest neutron cross-section of any of these metals. The outstanding

attribute of rhodium is its excellent high-temperature oxidation

resistance
(61)

Unfortunately, with the exception of platinum and palladium,

it is extremely difficult to -work these materials into strip or wire

form unless reductions are carried out at high temperatures. While
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this is not totally unexpected in the case of osmium and ruthenium

(metals having a hexagonal close packed lattice structure), the lack

of room temperature ductility in rhodium and iridium (face-centered

cubic lattice structure) is contrary to expectation. It is, therefore,

desirable to understand the inter-relation between workability,

mechanical properties, and purity in this group of metals.

With high melting points (7'.1500°C) and relatively low

vapor pressures at the melting point (4: 10
-2 

mm Hg), the platinum

group metals are ideally suited to electron beam floating zone-

refining. Several studies have been carried out concerning the purity

and workability of platinum-group metals produced in this way, although

it should be stressed that the data available at the present time con-

stitute a relatively incomplete study.

Purity

In Tables 8-11, a comparison is made of the metallic impurity

levels present in ruthenium, rhodium, iridium, and platinum for various

forms of each metal (i.e., powder, sintered stock, arc-melted, electron

beam zone-refined). These figures are intended only as a general guide

to the overall impurity spectrum. For a specific sample, the final

impurity levels, following electron beam floating zone refining, will

depend on the number of zone passes, on the speed of zoning, the

working pressure, and to some extent on the purity of the starting

material. With regard to the oxygen, nitrogen, and hydrogen content,

Table 12, based on the data of Jaffee et al
(61)

, illustrates the

effectiveness of the floating zone techniques on purification. In

general, purification by the electron beam floating zone technique
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Table 12 * Vacuum Fusion Analyses of Platinum Group Metals

-parts per million -

Ruthenium
(63) Oxygen Hydrogen Nitrogen

99% Powder 3280 20 118

Sintered Bar (Vacuum) 63 0.4 < 2

Electron Beam Melted 7 <0.2 s; 3

Rhodium(65'63)

99.9% Bar Stock

Electron Beam Melted

(61)
Osmium

27

2

99.5% Powder 947

Sintered (hydrogen) 38

Electron Beam Melted 20

Iridium
(65)

99.9% Bar Stock 760

Electron Beam Melted 14

Platinum
(63)

Bar Stock (Air-Melted)

Electron Beam Melted

0.2 3

0.2 3

22

0.7

1.2

52

0.5

5 0.1 <2

<1 <0.1 4;

* Sensitivity limits for the analyses are approximately: H2 + 1 p.p.m.,
02 + 7 p.p.m. N2 + 1 p.p.m.
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may be attributed chiefly to preferential evaporation of volatile

metallic impurities, and to outgassing at the usual working pressures,

mm

For ruthenium, Rhys
(60
'
62)

, using a zoning speed of 2.5 mm

per min. observes that nickel and rhodium are segregated in the end

zone to a level above that present in the original material. Also in

ruthenium Himes et al
(63)

, using a slower zoning speed,....0.2 mm per

min. obtain effective segregation of iridium, molybdenum, palladium,

and rhodium. For true zone-refining, speeds of this magnitude are

considered necessary. As indicated in Table 12, the oxygen, hydrogen,

and nitrogen contents are extremely low following electron beam floating

zone melting.

In the electron beam treatment of rhodium, severe outgassing

occurs Rhys and Calverley(64) report that upwards of seventeen zone-

passes (,̂l2 mm per min.) are required for zoning without futher gas

evolution. Under these conditions, the overall level of palladium and

iron impurity is reduced, but the platinum, ruthenium, and iridium

levels are unaltered. Himes et al
(63) 

and Holden et al(6.5) report a

sharp reduction in oxygen content (Table 12) but little change in the

metallic impurities. Only the calcium and copper impurities appear

to be reduced to any extent. The similarity in the impurity levels

at the front and end zones again indicates that the main source of

purification is volatilization rather than segregation.

Little data are available for iridium. After fifteen

zone passes at 2.5 mm per min., Rhys
(62) 

observes that only nickel

is concentrated (in the final zone) to any great extent. This is
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rather sUrprising since the latter would be expected to volatilize in

common with the other metallic impurities. By comparison with com-

mercial-purity iridium, the electron-beam refined material has an

extremely low oxygen and hydrogen content (Holden et al(65)5 
Table 12).

With relatively impure platinum (~99.94%) as starting

material, zoning at speeds up to 10 mm per min, causes considerable

purification by evaporation, and this is accompanied by segregation

of rhodium, ruthenium (elements not preferentially removed by evap-

oration), and beryllium
(62)

. As would be expected, with higher

purity starting material (platinum ,N199.998%) , the removal of

impurities is less marked, even if the zoning speed is reduced to

2.5 mm per min. In the usual experimental beam melting arrangement,

the filament (tungsten) "sees" the metal, and in this case tungsten

contamination may occur.

Workability 

Preliminary studies have been made concerning the fabrica-

bility of rhodium, ruthenium, and iridium, as prepared by electron

beam floating-zone refining. In each case, the fabricability is

considerably enhanced over arc-cast or sintered material, particularly

when the material is in single crystal form.

Single crystals of rhodium so prepared may be cold rolled

or swaged toA090% without cracking(66564). For the swaged material,

Rhys and Calverley
(64) 

find that the recrystallized polycrystalline

form is no longer ductile, intercrystalline fracture occurring with

further cold work. From this observation it is considered that grain

boundaries and impurities localized at these boundaries determine the
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mode of plastic deformation in rhodium. The electron beam melted

polycrystalline material may be readily swaged (e.'80% reduction) at

temperatures ,%.,900°C. By comparison, less pure rhodium, as prepared

by sintering, is more difficult to fabricate A carefully controlled

hot working procedure "-,l500°C, followed by moderate amounts of cold

work, is required.

According to Holden et al
(65)

, polycrystalline ruthenium,

produced by electron beam zone-refining, may be readily hot rolled

~85% reduction without cracking. This is a capacity for work-

ability better than that of arc-melted material and equal to that of

sintered stock. Rhys
(6o) 

reports that single crystal bars of electron

beam zone refined ruthenium may be readily bent, at room temperature,

to a circle of radius~six times the bar diameter (3/8"). Arc-cast

and sintered ruthenium, when treated in this manner, show brittle

behavior. Again by comparison extremely careful procedures are

necessary in the preparation of powders and in the sintering process

prior to hot working (~1400°C - 1500°C). With sintered compacts, cold

working (pressing and rolling) is limited to ~1.0% reduction between

anneals with a possible total reduction of only...#.50%. Rhys
(60)

concludes

that electron beam heating offers the best possibilities in obtaining

high-purity ruthenium with reasonable ductility. It appears that oxygen

is the impurity most responsible for lack of ductility at ambient

temperatures.

Similar considerations apply to iridium. Polycrystalline

electron beam melted material may be readily swaged at 1500C
(65)

. In

single crystal form reductions —25% are possible at room temperature

prior to cracking (cf. rhodium ~90% reduction). On the other hand,
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arc-melted and sintered materials require a working temperature^01500°C,

while at room temperature, only very thin sections may be worked.

Mechanical Properties 

Only in the case of rhodium and iridium are tensile data

available for electron-beam zone-refined material. Tensile strength and

elongation values for rhodium are given in Figure 14, a,b
(65)

. For both

metals the elevated temperature strength properties of recrystallized

zoned material are significantly higher than those of the as-received

recrystallized rod stock. Commonly, the more pure material has a lower

strength coupled with higher ductility at low temperatures
*
. In the

present case there is, as yet; no meaningful explanation for the reverse

behavior although it could be that the effects of grain size and of the

nature of prior deformation are responsible.

The occurrence of a ductile-brittle transition atew500°C in

iridium is surprising. In fact, this is the only face-centered cubic

metal in which the transition has been reported. Holden et al
(65)

observe the transition in high and low purity material. It therefore

appears likely that extremely small levels of certain impurities,

segregated at grain boundaries, are responsible for the extreme inter-

granular cracking at law temperatures.

The strengths of rhodium, iridium, and ruthenium, when plotted

against the homologous temperature, are approximately equivalent and are

higher than those of platinum and palladium, and on a par with values

for molybdenum and tungsten
(65)

. Data for rhodium, iridium, and

platinum are given in Fig. 15.

* This effeft is most marked in the refractory body-centered cubic metals.
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Summary 

The workability and mechanical properties of the refractory

and platinum group metals, prepared by electron-beam melting or

refining, have been compared and contrasted with those of materials

consolidated by sintering, arc-melting, and other methods. It is

apparent that purity is the most important variable, and particular

emphasis has been placed on the mode and effectiveness of purifi-

cation by electron-beam heating.

No attempt has been made to survey the physical properties.

However, it should be mentioned that because of the high state of

purification, these metals and alloys are ideally suited to studies

of magnetic properties, superconductivity, and electronic structure.
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GROWTH OF TUNGSTEN SINGLE CRYSTALS BY THE STRAIN-ANNEAL

METHOD USING ELECTRON BEAM HEATING *

By

S. R. Maloof
Principal Scientist

Research and Advanced Development Division
Avco Corporation

Wilmington, Massachusetts

ABSTRACT

Tungsten single crystals 45 and 60 mil in diameter up to

three inches in length were grown by the strain-anneal method using

electron beam heating both for the recrystallization treatment

prior to straining and for the elevated temperature heating. The

steep temperature gradient obtained with electron beam heating,

measured with an optical pyrometer to be greater than 1000°C per

inch, is largely responsible for the high yield of crystals

obtained (—,C0 per cent). The effects of the recrystallization

treatment, straining, high temperature heating, speed of zone travel,

etc. on the perfection of the crystals grown will be discussed and

compared with crystals grown by the floating-zone method.

The ductility of single crystal tungsten is discussed and

compared to that of polycrystalline tungsten. The yield behavior

of single crystal tungsten is shown to be anisotropic.

* This work was carried out at M.I.T. in 1961 under the super-

vision of Professor E. Orowan while the author was Institute

Guest in the Department of Mechanical Engineering.
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GROWTH OF TUNGSTEN SINGLE CRYSTALS BY THE

STRAIN-ANNEAL METHOD USING ELECTRON BEAM HEATING

INTRODUCTION 

Single crystals of fine tungsten wire were made by the firm of
1

Julius Pintsch in 1913. In this process finely divided tungsten powder

containing 2 per cent thoria is mixed with an organic binder and extruded

through a diamond die into thin threads. The thread is converted into a

single crystal by moving it at 50 mm/mmn. through a narrow hot zone

2
(2000-2200 C). Goucher in 1920 described the making of single

crystal wires. by a somewhat different method. The starting material

is drawn tungsten wire (3 mil) containing 0.60 per cent thoria. The wire

is held at 16000C for one second to obtain an equiaxed grain structure,

then reduced 5-7 per cent in area by drawing it through a die heated to

300
o
C. Heating of the wire under the conditions described above

converts it into a single crystal.

In both processes the main objective was not necessarily to produce

a single crystal, but to obtain a creep-resistant wire containing a few

large interlocked crystals.

It is more fashionable today to grow pure tungsten single crystals

3
by the floating-zone method. Crystals 1/8-inch in diameter are commonly

produced by this method. Difficulties in zone stabilization are
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encountered on smaller diameter rods. The present program required

single crystals 45-60 mils in diameter. To avoid the necessity for

centerless grinding of crystals grown by the floating-zone method to

size and to minimize the danger of introducing additional dislocations

into the crystals by the cold working, it was decided to produce the

4
crystals by the strain-anneal method. Furthermore, crystals grown

by recrystallization and grain growth me
thods are reported to be freer

from defects such as mosaic or subgrain
 structures than crystals grown

5
from the melt.

EXPERIMENTAL 

Tungsten rod (99.95 per cent pure) was obtained from the

Sylvania Electric Company in the gro
und and polished condition. The rod

was recrystallized by moving 
it at 60 mm/min. under an electron beam,

the beam power adjusted (e•-• 450 
watts) so as to heat the rod to about

1550°C (Brightness temperature). 
This work was carried out in the

modular electron beam laboratory 
unit at the Alloyd Corporation. All

rods were recrystallized over about a
 three-inch length. Microscopic

examination of the transverse section 
indicated the recrystallized grains

to be quite uniform and about 0.05mm in diamet
er. The temperature

of 1550°C was found to be optimum from the point of view of insuring
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complete recrystallization of the fibered structure as well as obtaining

a fine and uniform starting grain size.

The recrystallized rods were heated in air by a small resistance

wound furnace to a temperature between 600 to 800 F and strained by the

required amount in a tensile testing machine. Strains of 3 to 6 per cent

were given. A strain of about 5 per cent was found to give the best

results.

After the rods were strained, they were heated by an electron beam

to temperatures of 2000 to 2400°C (Brightness). In the work carried

out at M. I. T., the electron gun was moved downward relative to the

stationary sample held in a vertical position by a pair of Jacobs chucks.

At the Alloyd Corporation the sample was supported in a similar way,

but was moved upward relative to a stationary electron gun. The heated

rod was free to expand through a bushing heldin the upper chuck. The

quality of the crystals produced was not affected by whether the electron

gun was moved relative to the sample or vice-versa. The temperature

of the hot zone did not appear to be too critical, and in most cases a

temperature of 2100 C was used. The speed of travel of the hot zone

* Some of the rods were heated in an electron beam unit at M. I. T. in
the laboratory of Professor J. Wulff; the remainder were processed
at the Alloyd Corporation in the AMEBA.
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however, was found to be critical. Speeds in excess of 2 mm/min. produced

an excessive amount of parasite grains. A speed of about 1 mm/min. was

found to give consistently good results and was adopted throughout.

In the majority of the crystals grown under what was considered to be

the optimum conditions as described above, a single crystal was produced

over the three-inch length and was free of any parasite grains. It is not

uncommon for single crystals produced by the strain-anneal method to

contain many parasite grains or to consist of several large crystals

"studded" with parasites. Such a situation cannot be tolerated in the case

of tungsten, since the presence of 
only one small parasite grain causes

fracture at the boundary after a strain of only 1 to 2 per cent. The success

achieved here, 80 per cent parasite-free among some twenty-five crystals

produced by the strain-anneal method, is attributed to the steep

temperature gradient obtained with electron beam heating. Furthermore,

the x-ray back-reflection Laue 
diagrams consisted of single spots

indicating very few subgrains.
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The testing of these crystals was carried out in a "soft" tensile

machine. The details of testing, recording of the data, etc. will be

published elsewhere.

DISCUSSION OF RESULTS 

It is not possible at this time to discuss the experimental findings

in any detail, since certain aspects of this work are still under

investigation. Consequently, I would like only to touch on some of the

more interesting findings. First of all, single crystal tungsten,

in contrast to the polycrystalline rod, exhibits considerable ductility

at room temperature. It can be easily bent into the form shown in

figure 1 and, for orientations of the tensile axis within about 200 of

[ol and close to the [0013 -rOlUline in the standard stereographic

triangle, reductions in area of 100 per cent are possible resulting

in a "chisel-edge" fracture as shown in figure 2. The stress-strain

curve for this crystal tested at room temperature is shown in figure 3.

Even cleavage fracture at room temperature may be preceded by large

plastic strains of 20 to 25 per cent. As the temperature is lowered

below room temperature, the range of ductile fracture narrows.

Finally, at the temperature of liquid nitrogen, the fracture mode is

cleavage for all orientations with strains of 1 to 3 per cent before fracture.
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The improved ductility of single crystal tungsten compared with the

polycrystalline rod used in the present work* cannot be due to any

significant lowering of the interstitial content (Table I), but must in
6

some way be related to the absence of grain boundaries. As

mentioned earlier, the presence of only one parasite grain as small as

1/16-inch in diameter will cause the single crystal to fail after a strain

of only 1 to 2 per cent, whereas much larger strains are obtained with

parasite-free crystals. In every instance where premature fracture

occurred, the origin of fracture could always be traced back to a grain

boundary.

The perfection of the crystals grown by the strain-anneal method

was good as judged by the appearance of the back-reflection Laue spots.

Preliminary etch-pit studies on a crystal whose orientation was within

3° of [0113 did not show any well defined substructure (Fig. 4). An

examination of a crystal in the cube orientation grown by the floating-

zone method did, however, reveal well-defined sub-boundaries (Fig. 5).

This particular crystal was electropolished and etched twice in 2% NaOH.

The first time it was polished and etched the sub-boundaries were

delineated by etch pits. The second polish and etch left grooves at the

* The polycrystalline rod tested at room temperature fractured after

a strain of about 5 per cent.
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original dislocation sites and new pits were formed which appeared to be

displaced from these sites. Similar effects have been noted by Gilman
7

in his work on ionic crystals. It is interesting to note here that the

dislocation etch pits are produced on the cube (100) faces of single

crystal tungsten as in the case of ionic crystals.

Finally, the initial yield stress and the form of the stress-strain

curves are orientation dependent as shown in figure 6. Crystals

within 5° of an [011] orientation yield in the manner shown by crystal

No. 33. The crystals are initially stronger and show little or no work

hardening in contrast to crystals whose orientation are close to the

other two "corner orientations". Crystals in these orientations are

initially softer, yield in a smooth manner, and appear to•work harden

more than crystals near a [011.7orientation. Single crystal No. 37

was obtained from the Philips Research Laboratories in Eindhoven and

was produced by a different method. This variation of the yield

behavior with orientation appears to be a singular characteristic of

single crystal tungsten and is independent of how the crystals are

8
Rose in aproduced, composition, strain rate, or specimen size.

recent publication reported similar findings on single crystal tungsten

This crystal was produced by the deposition of tungsten on a "hot"
Pintsch wire from the decomposition of tungsten hexachloride.
Crystals grown by the strain-anneal are generally confined to
within 20° of an [Olgorientation.
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made by the floating-zone method. This is particularly interesting

in view of the fact that the shear stress-strain curves of tantalum

and niobium do not depend substantially on the orientation.
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Chemical Analysis in Weight Percent*
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As-Received 0.001 0.003 NR
Polycrystalline
Tungsten Rod
Single Crystal 0.001 0.002 ND

* Average of two determinations in each case.
NR=None Reported
ND:=Not Detected
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Figure 3. Stress-Strain Curve for Single Crystal No. 28 Tested
at Room Temperature.
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Figure 4. Etch Pits on Cube Face (100) of Tungsten Single
Crystal Grown by Strain-Anneal Method. Axis of
Crystal Within 3° of /011/. Electrolytically
Polished and Etched with 27 NaOH. (250X)
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Figure 5. Etch Pits and Substructure on Cube Face (100)
of Tungsten Single Crystal Grown by Floating-
Zone Method. Axis of Crystal Within 2° of
7-0017 Electrolytically Polished and Etched
With 2% NaOH. (250X)
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ABSTRACT

As part of a continuing program on the a
pplication of electron beams

to microelectronics, the role of beam-induced structural modifications

and transformations is being assessed. Using a silicon iron model system,

microstructural evidence of unusual grain growth character as compared

with normal diffusion time-temperature dependence is presented. The

implications of such recrystallization and grain growth behavior are

discussed.
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SOME OBSERVATIONS OF ELECTRON BEAM-INDUCED

RECRY.STALLIZATION OF SILICON-IRON

I. INTRODUCTION 

The development of sophisticated devices and systems of the

future will depend on the ability to control crystal structure and purity,

dopant concentration and gradient, spatial characteristics, etc. Better

understanding of the relationships between structure, composition and

resultant electronic properties is mandatory. Autonetics has been en-

gaged in a broad research and development effort in microelectronics.

As part of that program, studies on electron beam processes in micro-

electronics are being carried out.

The inherent qualities of control and programming using an

electron beam source coupled with its spatial selectivity has suggested

a wide variety of applications in microelectronics. An exciting area

of research with far-reaching implications to microelectronics is the

use of the dissipation energy of the electron beam in a controlled

fashion to effect various microstructural modifications in solids. This

paper deals with one aspect of our study on electron beam induced

metallurgical transformations. A silicon-iron model system was chosen

as a convenient vehicle for the initial studies because of its inherent

microstructural thermal sensitivity and the availability in the literature

of extensive prior work using traditional thermal techniques.

Series of 3% silicon-iron specimens with controlled levels of

induced strain were studied to develop the nature and rate of recrystal-

lization, grain boundary movement, and grain growth induced by beam

impingement under various conditions. Microstructural evidence is

presented of unusual grain growth character and rapid grain boundary
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movement induced by electron beam exposure. Comparison with grain

growth and grain boundary movement as determined by traditional thermal

techniques suggests a much higher degree of mobility in the electron

beam induced case than characterized by normal solid state diffusion.

II. FUNDAMENTAL CONSIDERATIONS 

Recrystallization has been defined as the process whereby

cold-worked polycrystalline metal is returned to a strain-free condition

upon annealing by the formation of strain-free nuclei and growth by

boundary migration at the expense of the strained material (1). Pri-

mary recrystallization covers the formation of strain-free grains;

grain growth or normal growth refers to uniform increase in the average

grain size matrix; and secondary recrystallization or abnormal or dis-

continuous grain growth is the process whereby a few large grains are

nucleated and grow at the expense of the strain-free, fine-grained

matrix.

The rate of growth during recrystallization is not time de-

pendent but increases with annealing temperature and the degree of de-

formation. Growth ceases when all the cold-worked metal has been re-

placed by strain-free grains, and recrystallization is then said to

be complete. The recrystallization temperature is not an exact point

but is taken as that temperature at which a highly cold-worked metal

recrystallizes in about one hour. The rate of recrystallization is

reduced by impurities, soluble and insoluble, and thus, pure metals

are seen to have higher rates and lower recrystallization temperatures

than their allgys.

If boundaries are in equilibrium and are equal in surface
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energy, they tend to straighten and assume angles of 120° at three-

boundary intersections. Early observations by Carpenter and Elam (2)

and by other investigators, (3,4,5) indicated that curved boundaries

between undistorted grains migrate toward their centers of curvature;

the more curvature, the higher the rate. The atoms of the concave

surface, being more completely surrounded, are considered more stable

than those on the convex surface. Normal interchange occurs through

atomic mobility but a net flow to the more stable concave surface will

result and it will migrate toward its center of curvature. Since the

free energy decrease associated with transferring an atom from a curved

to a flat surface is inversely proportional to the radius of the curva-

ture, the rate of transfer and thus the rate of boundary migration is

also probably inversely proportional to the radius of curvature of the

boundary. Verification will have to wait upon experiments giving quan-

titative data on the rate of migration of a single grain boundary as a

function of its curvature and surface tension.

In a strained matrix, equilibrium considerations do not apply.

Thus, where a recrystallized grain is growing into a deformed matrix,

the direction of migration is opposite to that observed when surface

tension is the driving force.

As early as 1906, Osmond and Cartaud (6) in a study of the

austenite structure observed and identified four grain networks on a

single specimen surface as representing the transition stages from the

austenite gamma phase to the alpha phase. Similar investigations (7,8)

distinguished between original alpha-iron boundaries and the higher

temperature austenite network in low carbon steel. Techniques and

equipment to directly observe and record the microstructural evidence
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of structural modifications and transformations at the temperatures of

occurrence have been improved in recent years.

By means of high temperature or vacuum metallography, the

surface alterations and movements that occur during extended periods of

heating and subsequent cooling in a vacuum are made visible. A des-

cription and illustration of hot-stage metallographic equipment was

presented recently by Kasen and Polonis (9). In addition, an English

translation of a comprehensive volume by Lozinskii (10) devoted to

high-temperature metallography in the Soviet Union has recently become

available.

Various types of contours are observed on the surfaces of

metals heated in vacuo. There are essentially three ways in which such

heating produces contours on smooth surfaces: thermal etching, surface

tilting, and surface distortion. Thermal etching results from selec-

tive vaporization of atoms where a grain boundary or an interface be-

tween phases intersects the surface. Surface tilting is a distortion

of the surface in a shear type of movement and surface distortion is an

irregular type of surface upheaval involving change of volume. During

elevated temperature exposure, the surface of the metal changes its

shape in two ways. Wherever a crystal boundary intersects the surface,

the intersection becomes a groove. At favorably oriented crystal

planes a series of flat surfaces,
 joined by steps, is formed. Addi-

tional contour types which have been not
ed are: boundary traces,

banded contours, striations, twin 
boundaries, serrations and fissures.

Walter and Dunn (11) have noted the o
rientation dependence o thermal

etching and the character of the striations 
to be a function of the

disorientation from the simple plane.
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In surface observations of grain boundary migration, both

initial and final positions of the boundaries or parts of them, are

revealed by thermal grooves. Occasionally the rate of boundary migra-

tion is too rapid for the entire growth front to be made visible by

the time dependent thermal grooving process. Pinning of a segment of

a grain boundary by an inclusion may also occur.

III. ETRCTRON BEAM SYSTEM

An electron beam system was designed and constructed during

the course of this work to carry out the metallurgical studies. A

view of the overall system is given in Fig. 1, while Fig. 2 shows the

details of the gun assembly, housing and reaction chamber. A sche-

matic of the system, including the various power, control and measur-

ing circuitry is given in Fig. 3.

The electron beam gun assembly is a modification of gun com-

ponents from the Superior Electronics Company in a magnetically focused,

magnetically deflected array. Through a combination of reduction in

grid apertures and control in component spacings, focal spot size and

uniformity were significantly improved. A cathode cup structure was

introduced to control the separation between the filament and first

grid. A reduced-section, flat tungsten filament structure, consisting

of a 0.005" thick by 0.115" wide ribbon electro-polished at the aperture

to 0.001" thick by 0.075" wide, is providing excellent service. The

electron gun housing is a demountable system using flanged pyrex pipe

sections with appropriate vacuum fittings.

The reaction chamber is a four-inch spherical glass chamber

fitted with two view ports and four flanged pyrex pipe sections. A
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Fig. 1. Autonetics Electron Beam System and
Auxiliary Equipment.

Fig. 2. Electron Gun Assembly, Reaction Chamber
and Motorized Stage.
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moveable stage allows total displacement of three and one-half inches

in the x-direction and 5/8 inch in the y-direction. The x-displacement

is motor controlled with an SH-12 Minarik reversible controller system

operating through a rotary bellows seal. The y-displacement is con-

trolled manually through a bellows seal. The system is fitted with a

binocular microscope for focusing and positioning. Connection is made

to the pumping system through a two inch vacuum gate valve. The pump-

ing system consists of a CVC Model 115 diffusion pump, fitted with a

Johns and Frame Model SL-1 liquid nitrogen trap, and backed by a Kinney

Model KC-5 mechanical pump.

The high voltage supply is a GE XRD-5 full wave dc system,

modified with a special filament transformer capable of delivering 25

amps at 3 volts. The high voltage supply is rated at 7 to 50 hv at

50 ma load current.

The magnetic focus coil for the electron beam gun is powered

by a Dressen Barnes regulated dc supply. Controls for the x and y

magnetic deflection coils are provided by slide wire circuits, indi-

vidually motor driven with Minarik SH-12 reversible controllers.

For pulsing studies, a rotary pulser system was designed and

fitted with a variable drive, providing a range of pulses from 0.002

to 0.25 sec. The beam can be operated under continuous, pulsed or inter-

mittent conditions. A measuring circuit to measure target currents in

the range of 0.1 to 10 ma is provided. For our metallurgical studies,

beam currents in the range of 0.1 - 8 ma at 8 - 15 kv accelerating

voltages with a focal spot size of approximately 20 mils are employed.

IV. RESULTS AND DISCUSSION 

Initially, samples of .014"and .013" oriented and non-oriented
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annealed 3% silicon iron sheet in coarse and fine grained condition,

received through the courtesy of the Armco Research Laboratory, were

used in the study. Subsequently, a nominal silicon iron hot-rolled,

strip-annealed electrical sheet .014"thick, was procured from a com-

mercial source for the critical strain evaluation. A chemical analysis

was made and showed 2.95, 2.92, and 3.06% silicon, respectively.

Samples of the coarse and fine-grained annealed silicon iron

were exposed to beam impingement to develop a range of operating para-

meters for inducing rapid recrystallization, grain growth, and surface

melting. For convenience in operation and to eliminate the possibility

of X-ray generation, the beam was operated at 10 kv for much of this

work. Although surface roughening and the grain boundary delineation

occurred, no primary recrystallization was apparent in the annealed

specimens. The stability of the grain boundaries in these unstrained

specimens indicated the absence of any appreciable surface energy

driving force.

Figure 4 shows the grain boundary network outlined on a

roughly polished specimen surface by thermal etching and grain boundary

sliding, from exposure to the 10 kv beam for ten seconds. The advan-

tages of using well-polished specimens became evident from these early

tests. Subsequent samples were lightly etched to reveal the grain

orientation just before insertion into the target chamber. With heavier

impingement, more deformation occurs, and Fig. 5 shows the extensive

localized surface distortion from increased beam heating, with a

limited amount of grain boundary migration. The dark area in the

center shows selective deformation on certain crystallographic planes,

given in greater detail at 1000 magnifications in Fig. 6. The large-
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Fig. 5.

Fig. 6.

Surface Distortion and Grain Boundary

Delineation on Annealed Silicon Iron by

Electron Beam Impingement. (X500)

Enlarged View of Dark Area At Center of
Fig. 5 Showing Banded Contours. (X1000)
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grain annealed samples showed much greater amounts and variety in the

extent of grain boundary migration, as shown in Figs. 7 - 10. In all

three figures, the ideal angular position for equilibrium is being

approached. Fig. 7 shows progressive positions during the boundary

movement. The high degree of curvature of these large boundaries in-

dicates the potentiality for change. Fig. 8 shows a three-boundary

junction where migration has developed an almost equilibrium relation-

ship at the junction. Fig. 9 shows rotation of adjacent grains as well

as an equilibrium junction. An excellent example of the formation of

a new grain boundary during grain growth by migration of boundaries is

given in Fig. 10. This is strikingly similar to the schematic diagram

used by Fullman (12) to illustrate how curved boundaries between un-

distorted grains migrate toward their centers of curvature and form new

boundaries (Fig. 11). An inclusion often impedes migration by pinning

a segment of a grain boundary, as shown in Fig. 12 particularly when

surface tension is the driving force for migration. It interferes with

the boundary migration since part of the interface is the inclusion

itself. Thus, to break away, boundary area equal to the inclusion

cross-section must be re-formed.

To determine the degree of critical strain for maximum growth

response to annealing, a series of specimens with controlled deformations

from 3% to 18% was prepared at the Los Angeles Division of North Ameri-

can Aviation, Inc. by cold-rolling specimens from the fine-grained

commercial 3% silicon iron.

Beam trace and spot impingements were run on this series and

it was determined that the specimens with 3% and 6% strain were the

most sensitive to extensive grain growth in this series. Figures 13
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Fig. 7. Grain Boundary Migration on Annealed
Silicon Iron Showing Progressive Positions
During Movement. (X75)

Fig. 8. Migration of Grain Boundaries on Annealed
Silicon Iron at a Three Boundary Junction.
(X150)
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Fig. 9. Rotation of Adjacent Grains During
Boundary Movement on Annealed Silicon
Iron. (X150)

Fig. 10. Formation of New Grain Boundary During
Growth on Annealed Silicon Iron. (X180)
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Fig. 11. Representation of Formation of a New Grain
Boundary During Grain Growth. (Ref.12)

\

Fig. 12. Pinning of Grain Boundary by Inclusion
in Annealed Silicon Iron (X75)
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and 14 show the developing large-grain boundary network superimposed

on the original surface small grain structure for 3% and 6% cold-

worked samples, respectively. These grains show crystallographically

oriented planes with fine lamellar banded contours. Comparing the

results for these latter cold-worked samples with the corresponding

and annealed specimens discussed above, it may be seen that the in-

troduction of 3% cold-working results in marked increase in grain

growth. There is no significant difference between the response of

the 3% and 6% samples. At levels higher than 6% cold-work, beam

impingement resulted in more widespread grain growth but fewer large

grains. This latter effect probably stemmed from the increased

number of nucleating sites introduced at the higher strain levels, re-

stricting the ultimate grain size.

It is of interest to compare the above critical strain values

for recrystallization as a function of cold work after beam impingement

for periods of one to two minutes with reported values determined with

conventional methods. Dunn (13) reported a value of 2.5% critical

strain for high purity silicon iron. Other values have been reported

to range from 2% to 6% for silicon iron for varying degrees of purity

and prior history. The data reported in the literature were obtained

by furnace annealing for long periods of time. Koh (14) reported rapid

secondary recrystallization in commercial silicon iron for varying

periods by isothermal heating in a salt bath, but no value for the

critical strain was given. It is of interest to note that early work

on describing the rate of recrystallization in silicon ferrite in

terms of the rate of nucleation and the rate of growth as functions of

the most important variables was carried out by Stanley and Mehl (15).
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Grain Boundary Network Developed on
Surface of 3% Cold Worked Silicon Iron
(X500)

Grain Boundary Network Developed on Surface
of 6% Cold Worked Silicon Iron. (X500)



A nominal 3% critical strain series was prepared by cold-

working the annealed sheet to between 3% and 4% cold reduction. Various

combinations of electron beam power input were used to determine the

grain growth rates and ultimate sizes on specimens polished and etched

to either 0.0111'or 0.007%hick. Fig. 15 is a graph of the heating

power as determined with a chromel-alumel thermocouple spot welded to

the specimen, of the focused electron beam with a spot size of the

order of 20 mils. Figure 16 is a comparison of the grain growth

effected with steady beam and pulsed beam for five-minute periods of

impingement on .007''thick specimens as a function of beam current.

Focal spot size was of the order of 20 mils, at a ten millisecond

pulse rate, with constant 10 kv accelerating voltage.

Various combinations of power input were used to develop the

conditions for rapid grain growth and many examples of multiple stage

growth were encountered. Figure 17 is an example of a stable grain

structure showing at least three grain networks of increasing size and

configuration.

The most effective combination of beam parameters with this

system to achieve the maximum growth in the shortest time was determined

to be a steady beam current of 0.8 ma at 10 kv accelerating voltage

for two minutes with a beam spot size of the order of 20 mils. The

grain growth directly under the beam was 27 x 38 mils in size. The

temperature at which the growth occurred can be Obtained from the 10 kv

current curve in Fig. 15, a value of approximately 800° C. Figure 18

is a photomicrograph showing a large ten-sided grain superimp osed on

the original prior grain boundary network. The new boundaries are

relatively clear as though they formed rapidly with very little addi-
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Fig. 17. Multiple Grain Boundary Network at
Successive Stages of Grain Growth on
3% Cold Worked Silicon Iron.

Fig. 18. Large Grain Developed on 3% Cold Worked
Silicon Iron After 2 Min. at 10KV and
0.8 ma Beam Current. (X100)
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tional movement. To verify the single crystallinity of this large grain,

the surface was polished down approximately one and one-half mils and

the same field of view is shown in Fig. 19. Additional verification was

afforded by Laue back-reflection diffraction pattern taken with cobalt

radiation, shown in Fig. 20.

In sheet fabrication practice, an empirical limitation on

normal grain growth is commonly acknowledged, i.e., growth ostensibly

stops when the grains have grown to approximately the specimen size or

thickness of sheet. Figure 21 shows polished and etched cross-sections

of a silicon-iron specimen before and after exposure
. It is obvious

that grain growth did not stop when the grains grew large enough to

traverse the sheet thickness, but continued to grow laterally to many

times the thickness, approximating the diameter of the electron beam

itself.

A series of runs were made to determine the rates of grain

growth under conditions determined to be the most effective combination

of beam parameters. Figure 22 shows the average resultant grain size

as a function of time of beam impingement. In the steady condition,

beam current was 0.8 ma at 10 kv acceleration, with a nominal 20 mil

spot size. A series of ten millisecond pulse rate runs were carried

at 2 ma beam current, all other 
conditions the same. As may be seen,

both series resulted in growth to an average gr
ain size approximating

the impinging beam diameter. After the peak average grain size value

is attained, continued impingement does not result in further grain

growth. This suggests that a limiting factor to maximum grain size is

this configuration in the nominal impinging beam diameter, and thereby

the zone of uniform temperature exposure.
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Fig. 19. Same Field of View as Shown in Fig. 18
After Repolishing and Etching. (X100)
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Fig. 20. Back-Reflection Laue Pattern of Large
Grain Shown in Fig. 17 Using Cobalt
Radiation.
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Fig. 21. Etched Cross-Section of 3% Cold Worked
Silicon Iron. (X150)
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To establish a basis of comparison with results from tradi-

tional heating techniques, similar specimens were prepared and evaluated

for grain growth reactions in a tube furnace with helium atmosphere at

700°C, a tube furnace with argon atmosphere at 1000
o
C, and a vacuum fur-

nace at 1000
o
C.

The 700
o
C furnace anneals in helium showed no noticeable change

in average grain size for periods up to 6o minutes. The grain size of

the 10000C series showed a uniform grain growth increase in one hour to

an average grain diameter of 12 mils in argon and 15 mils in vacuum. A

few large secondary grains were found in the specimens annealed for 45

and 6o minutes at 1000°C in argon. The largest was a single 100-mil

grain at 45 minutes and a few 40-mil grains at 6o minutes. These values

can be compared with work of Walter and Dunn (11) on oriented high-

purity silicon iron showing a 34-mil grain at 1100°C after 30 minutes in

dry argon and an 80-mil grain after 4 hours.

The results of the furnace treatments are plotted in Fig. 23.

The growth rate curve for steady beam heating from Fig. 22 has been in-

cluded for comparison. It can be •seen to be startlingly steeper than

for grain growth in the furnace for 20 to 30 times the time of annealing.

If we analyze the growth rate curves for steady and pulsed

beam operation in Fig. 22 more carefully, it can be seen that maximum

growth is achieved within 1 to 3 minutes and to approximately the same

range of values. It would also seem to be more than a coincidence that

the grain size developed during steady and pulsed impingement approxi-

mates the size of the impinging beam within the limits of experimental

variation.
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V. CONCLUSIONS 

The electron beam has been found to be an effective means of in-

ducing sharply localized transformations in a model 3 percent silicon iron

system. Based on the results of the study described above, a number of

conclusions are warranted.

For temperatures below the melting point, the highly concentra-

ted electron beam heating source causes localized surface distortions and

deformation textures by grain boundary sliding and tilting, thermal etch-

ing and recrystallization. As would be anticipated from normal diffusion

and lattice considerations, the electron beam induced primary recrystalli-

zation was found to be insignificant for annealed samples regardless of

prior grain size. The introduction of critical amounts of strain, in the

range of 3 to 6 percent, by cold reduction, resulted in a marked change in

grain growth response to beam impingement and the development of large

secondary grains by discontinuous grain growth. The range of effective

critical strain determined correlates well with reported strain-anneal

practice by more conventional heating methods.

It was found that above 6 percent cold work, more general grain

growth occurred during beam impingement, as a result of increased nuclea-

tion with smaller overall grain size. However, when the 3 percent criti-

cal strain series was subjected to grain growth studies using a variety

of beam power parameters, rapid grain growth occurred. These rates were

much faster than was determined for furnace annealing treatments.

It is difficult to avoid the conclusion that such extensive and

rapid grain boundary movement and growth induced by electron beam exposure

suggests a higher degree of atomic mobility than is characterized by nor-

mal thermal considerations and solid state diffusion. If a high state of
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disorder exists from interaction with a high energy electron beam, then the

thermal dependence of grain growth might be more like liquid diffusion dur-

ing beam impingement. It may well be that the interaction of energetic

electrons with matter achieves effects somewhat akin to, but not as des-

tructive as, those achieved by ionizing radiation, as evidenced by thermal

spikes or thermal displacements. This is suggested although no evidence

of structural damage, defect lattice or dislocation network generation has

been presented to account for it. Other unique properties noted for elec-

tron beams have been the unusual penetration potential and high depth-to-

width ratios achieved in the 100 to 150 kv range; and the suggestion of

electromagnetic properties of the beam with effects resembling levitation

melting.

The interesting results reported above indicate that the availa-

bility of electron beam sources may open up whole new areas for research

in the field of metallurgical transformations in solids with the possibil-

ities of new and unexpected phenomena.
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DIVERSE APPLICATIONS OF ELECTRON
BEAM FLOATING ZONE APPARATUS

By

S. Hurwitt
Development Supervisor

Materials Research Corporation
Orangeburg, New York

ABSTRACT: 

An apparatus for the floating zone refining of

refractory metals and other materials by means of

electron beam bombardment is described with emphasis

on the basic simplicity of the equipment, the properties

of the resulting specimens, and the diverse operations

which may be performed thru the use of various experimental

techniques.

The capabilities of a work accelerated gun of the

simplest design are shown to include purification,

crystal growth, alloying, welding, and thin film

evaporation.



DIVERSE APPLICATIONS OF ELECTRON
BEAM FLOATING ZONE APPARATUS

INTRODUCTION

Since the introduction of the electron beam as a

tool for research and industry, the trend has been

towards more complex systems, generally using self

accelerating guns of high resolution. However, for

floating zone refining, where circumferential melting

of a thin cylindrical specimen is required, it was found

that a single loop emitter, operating in the work

accelerated mode has many advantages over a more complex

system. These include even heating over 360
o
of specimen

surface, small size, and ease of servicing.

Attesting to the flexibility inherent in this type of

gun, it was found that proper experimental techniques

could widely diversify the uses of the basic apparatus so

as to include many laboratory operations such as alloying,

annealing, sintering, specimen welding, and thin film

evaporation. Such a versatile system is shown in Figure 1.

THE GUN STRUCTURE AND SPECIMEN MOUNTING

The work accelerated gun (fig. 2) consists of a

formed loop emitter (30 mil thoriated tungsten wire is

used in most instances), enclosed in a molybdenum cylinder

at close to ground potential. The cylinder provides an

electrostatic focussing field to shape the beam and confine
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Material 02

Tungsten 2.6

Molybdenum 4.5

Tantalum 4.0

Iron 8.5

Nickel 0.9

H2 C

0.4 0.0

0.7 15.4

0.3 10.0

0.1 0.1

0007 0.02

N2 Metallic

7.0 _

1,0 Fe - 5

8.0 Fe - 5; mo - 15;
Nb - 50.

15.0 Cu - 1; Mg - 1;
Si - 5.

25,0 Fe - 15; Si - 10

Table I - Typical Chemical Analyses of Electron Beam Zone
Refined Specimens. Impurity levels in parts
per million.

Single Pass Typical
Material Electron Beam Refined Starting Material

Tungsten 333 450

Molybdenum 159 225

Tantalum 76.1 150

Niobium 52.4 170

Nickel 87.6 200

Vanadium 76.0 170

Table II - Vickers Hardness Numbers

234



Figure 1. Electron Beam Floating Zone
Apparatus

SPECIMEN

UPPER PLATE

CYLINDER

LOWER PLATE
EMITTER

GUN STRUCTURE
FIG. 2
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it to the area midway between the upper and lower plates.

A small hole in the cylinder wall pemits observation of

the molten zone during operation.

A traversing stage, on which the gun is mounted, is

driven upwards or downwards by a leadscrew at scanning

speeds of 2 inches to 30 inches per hour.

To assure strain free mounting, the specimen rod

is inserted in the apparatus in two sections, which

are then adjusted by means of universal motion grips, for

parallel and concentric alignment. The section lengths

are chosen such that the welded joint will be at the end

of the finished crystal.

OPERATING CONDITIONS 

The apparatus is powered by a 10,000 volt, 500

milliamp supply, with the specimen held at a high

positive potential. The full 5,000 watts of power are

not required, but the flexibility in voltage and current

available is important for such uses as the melting of

ceramics, whose poor conductivity requires a higher beam

voltage. A feedback system, controlling th
e filament

emission, provides beam current regulation whi
ch results

in smooth, regular crystals even if the starti
ng material

is highly gassy.

A 1500 liter per second diffusion pump maintains a

vacuum of 10-6 - 10-7 Torr during melting, with an opti-

cally dense liquid nitrogen trap preventing backstreaming

of pump oil vapors.
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Specimen size Is limited mainly by the melting

point and surface tension of the material. Single

crystals of the refractory metals are commonly grown

to 1/4 inch diameter by 12 inches long, while single

crystals of nickel and polycrystals of iron may be

grown to 1/2 inch diameter by 12 inches long.

SPECIMEN PROPERTIES 

Some typical single crystal specimens are shown

in figure 3. Table I lists typical chemical analyses

of zone refined specimens in parts per million of

impurities. The specimens were prepared from starting

materials containing nominally several hundred ppm

impurities. As additional indication of purity,

single crystal niobium processed as above has exhibit-

ed a superconducting transformation of 9.8 degrees as

compared to commercial Nb of 9.1°K, while a tungsten

crystal has shown a resistance ratio from 4.2°K to

296°K of 2,365.

CONTROLLING CRYSTAL ORIENTATION 

Reproducing the crystallographic orientation of

an existing specimen is relatively easy. The end of a

crystal is used as the lower part of the specimen rod,

the upper part being the polycrystalline rod to be

Processed, (fig. 4). The seed end is welded to the end

of the polycrystalline specimen, and as the molten zone

is traversed along the rod, the crystal that is formed

follows the orientation of the seed.
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In many cases, however, a seed of the desired

orientation is not available. In this event, a seed

whose orientation is close to that desired is x-rayed

to determine its exact angular deviation from the

desired orientation. It is then mounted in a gonio-

meter type lower grip (fig. 5) to bring the proper

orientation parallel to the axis of the upper specimen

rod. The weld is made as in a normal run, and the

growing crystal assumes the desired orientation.

If the angular deviation of the seed is large,

removal of the lower molybdenum shield plate is neces-

sary to allow entry of the seed. This usually results

in crystals of irregular surface, unsuitable for use

as specimens; however these may be then used assecond

generation seeds and smooth crystals may be grown in

a subsequent operation.

As every crystal grown yields 2 seeds (both top

and bottom are cropped from the processed rods), a

seed "bank" continuously grows in size.

PREPARATION OF TENSILE SPECIMENS 

A need for tensile specimens of single crystals

that were neither deformed or contaminated prior to

test led to the development of a procedure for attaching

end-bosses. Both ends of a crystal which has been cut

to length are inserted in close fitting holes drilled

in threaded stainless steel rods (fig. 6). The
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assembly is placed in the gun, and a fillet on the

steel rod is welded to the specimen. Welding time

is approximately 2 seconds, and no disruption of

the specimen is evident outside the weld area.

A gauge length may then be electro-chemically

machined in the crystal or it may be used directly

without further complication. As the weld zone is

always stronger than the crystal, no fractures have

ever occurred in other than the undisturbed specimen

area.

ANNEALING AND ALLOYING

Annealing and recrystallization are achieved by

traversing the gun along a single specimen section,

suspended from the upper grip. Temperatures below

the melting point are quite stable and are determined

by optical pyrometry. Several specimens may be

bundled together and annealed simultaneously with

the shield plates removed from the gun. This method

has also been found useful for the sintering of re-

fractory metal powder compacts, especially in the

production of experimental tantalum capacitor slugs

where final density was critical.

Alloys may be prepared of materials whose melting

points do not differ too widely. Typical techniques

(fig. 7) would involve the insertion of a rod or

powder of one constituent in a tube of the other, or
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wrapping a wire around a rod. In either case, the

assembly is zone melted as if a single rod. By

passing leveling zones in both directions, at rapid

rates, segregation is reduced, yielding a homogeneous

alloy.

Dilute alloys of refractory metals with carbon

have also been produced by coating the rod with a

colloidal graphite prior to zoning.

THIN FILM DEPOSITION 

Highly adherent thin films of refractory metals,

borides, carbides, and oxides have been deposited in

thicknesses from 25 up to several thousand A. A

substrate holder, which may be heated, is placed on

the lower specimen grip (fig. 8). The material to

be deposited is placed with one end in the gun, and

a molten ball is formed at the end of the rod.

Deposition rates of several hundred angstroms per

minute have been achieved with tantalum, and the

adherence of film to substrate is such that hard

scraping with a sharp tool is necessary to scratch

the film.

SUMMARY

For the needs of our laboratory, which have

been many and varied, the apparatus described here

has been invaluable as a research tool. Three units

are presently in constant operation filling the



requirements of some 45 research personnel on

such projects as fundamental investigations of

refractories, development of thin film devices,

superconducting materials and protective coatings

for refractory metals.

Future efforts will be directed towards

improved handling of ceramics and production of

refractory metal crystals with impurity levels

measured in parts per billion.
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ON SOME PROPERTIES OF ELECTRON BEAM MELTED METALS

By

E. Rexer
Professor and Director

Institute for Applied Physics of Pure Materials
Dresden, East Germany

ABSTRACT 

Systems, at the Institute of Physics of Pure Metals in

Dresden, for the electron beam melting and refining of metals are

presented. Some properties of Nickel, Zirconium, Niobium, Tungsten,

Molybdenum, Tantalum, Rhenium and Rhenium Molybdenum alloys pro-

cessed in these installations are discussed.
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Einieitung

Die Laboratorien ues Institutes für angewandte Physik

der Reinsttoffe Dresden sind 1958 ferti L;estellt warden0

keit uieser Zeit vvird, neben der Bearbeitung vieler anderer

,Lufgaben, von einer lirbeitscruppe den Fraen des hle_o:tronen—

strahlschLlelzens Beachtung geschenkt. Der voriiegende kurze

iiericht soil einen liberblick Uber die bisher durchgefdhrten

oder noch laufenden Arbeiten geben. Natarlich muB dabei auf

Einzelhei ten verzichtet werden.

.6ber die Arbeiten an einem 'ElektroneastrahlschweiBgerat

ist an anderer Stelle zusum.aenfassend berichtet warden



Der Elektronenstrahlofen 

Das Laborgerat mit einer maximalen Leistung von 15 kW wird mit

einer Spannung bis zu 60 kV betrieben. Diese fUr Elektronenofen

ungewOhnlich hohe Spannung wurde gewahlt, da mit einem vorhandenen

Hochspannungsaggregat auch noch em n Idektronenstrahlschweiligerdt

versorgt wird. Dabei muL natiirlicn die auftretende ROntgenstrahlung

beachtet werden. Die Schmelzkammer 1 ( Abb. 1) wurde deshalb aus

30 mm dicken Stahlplatten hergestellt. AuBerdem befindet sich

vor aem Of en eine verschiebbare Bleischutzwand.

Die Lichmelzkammer wird Uber em n Eckventil 2 von einer Diffusions-

pumpe 3 mit einer Sauggeschwindigkeit von 2 000 1 / s evakuiert.

Auf dem Rezipienten befindet sich, 70 gegen die Senkrechte geneigt,

eine Sdule 4 mit einem FernfoKussystem nach Steiserald L2i und
einer elehtromagnetischen Linse. Die Wolframbandkathode arbeitet

im Sattigungsgebiet,und die Regelun-g des Strahlstromes gesdhieht

mit Hilfe der Kathodenheizung, Der durch eine Blende vom Rezipienten

getrennte Kathodenraum wird zusatzlich durch eine Oldiffusionspumpe

mit einer Sauggeschmindigkeit von 120 1/s evakuiert.

Der an der Unterseite der Schmelzkammer durch Exzenter angedrackte

wassergekdhlte Revolvertiegel 5 besitzt drei Vertiefungen fUr

Knopfschmelzen. Dieser Tiegel kann durch eine BlockabzugsvorrichtunG

ersetzt werden. Die LaterialzuGabe erfolgt dann durch em n an den

Rezipienten anGeflanschtes zJusatzgerat.

Abb. 2 zeiL;t die Gesamtansicht der Anlage, Abb. 3 den i-dlopfschmelz-

tiegel,
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5 1
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1: Schrnelzkammer

Eckventil

3: bldift-Pumpe (20001/s)

4: Saute mit Strahlerzeuger

und Linse

5. Knopfschmelztiegel

6.- Emblickstutzen

1. Schematic of the electron beam furnace

Fig. 2. The electron beam furnace



Der Schmelzvorgang wird durch den Einblickstutzen 6 ( Abb. 1) beob-

achtet. Dabei hat sich em n Lochblendensystem bewahrt, mit dessen

Hilfe der Sciimelzsee dber einen Spiegel auf einer Lattscheibe

abgebildet wird. Die zwischen Lochbiende und Spiegel angebrachte

drehbare Schutzscheibe bedalapft nur unwesentlich und erst nach

mehreren Wochen Schmelzbetrieb gereinigt werden.

Bishcr wurden vorwiegend i'Lnopfschelzen unter loglichst „uten

Schmelzbedingungen durchgefiihrt. Der Druck w(ihrend des Schmeizens

liegt bei oder uhter 10-5 Torr, wobei die ulabscheider beider

Diffusionspumpen durch em n Kalteaggregat auf - 50° 0 gekUhlt werden.

EiniEe Eigenschaften der im Elektronenstrahlofen  -eschluolzenen

Die bisher durchgefUnrten Versuche erstrecten sich auf die letaile

Zirkon, Niob, .c-olybddn, Tantal, Rhenium und Wolfr&d. Der

mit dem Gasanalysengerdt GA 01 der Firma E. Leyboldts Uaclff., KOln,

bestimmte Gasgehalt nach dem 6chmelzen ergab in I.Littel far 

Sauerstoff Werte in der GrOBenardnung um 10 ppm, fdr 6tickstoff und

SWasserstoff um 1 ppm. Der Kohlenstoffgehalt lag bei 5 ppm. peKtral-

analytisch wurde festgestellt, daIs die in den Ausgangspulvern untex

schiedlichen Anteilen enthaltenen Elemente Aluminium, Calcium, Chrola,

Kupfer, Lagnesium, Langan, Blei, Silicium, Zinn, Titan und

Zink bis auf Restgehalte miter 10 ppm verdampfen. Dagegen konnte

zum Beispiel bedbachtet werden, daB sich Lolybdan, Wantal und Zirkon

in Niob bzw. Eisen, Molybdiin und idol) in Tantal sowie Lolybain und

Wolfram in Rhenium nur unwesentlich abreichern.



Eine Kaltverformung der Lolybdan- und Wolframknopfe war erwartungs-

gema nicht mOglich. Ftir die anderen etaile ist in Abb. 4 der

Hdrteanstieg beim Kaltwalzen dargestellt. Auffallend 1st der fast

waagerechte Veriauf der Kurve fLir die kubisch-raumzentrierten Y.etalle

Niob und Tantal far Dickenverminderungen >10,% und der steile An-

stieg fur das in hexagonal dichtester loagelpackung kristallisierende

Rhenium.

Eine dbersicht aber einige mechanische Eigenschaften gibt Tabelle 1.

Aus den axteunterschieden der 6palte 2 und 3 1st zu entnehmen, daB,

nach der Gliihbehandlung bei einem Druck<10
-5 

Torr, der nach dem

Schmelzen vorliegende Zustand nicht wieder erreicht wurde. Die Gas-

analyse des gegliihten iliobIlaterials ergab einen erhohten Sauerstoff-

gehalt von 80 ppm, wdhrend der 3ticLcstoffgehalt auf 6 ppm angestie-

gen war.

Der EinfluB der 6chme1zenergie auf die Hdrte der i'etalle Jiob und

Tantal 1st aus .abb. 5 ersichtlich. Wdhrend des 6chme1zens lag der

-6
Druck bei 5 10 Torr.

Der iAnfluB des Druckes ergibt sich aus Versuchen, bei denen dieser

Uber em n an den. Of en angeflanschtes 1.iadelventil variiert wird. Jo

-4
steiGt zum Beispiel die idrte des Uiobs bei 5 .10 Torr bei einer
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Fig. 3. Buttonmelter
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3chlae1zenergie von 4 kJ' min von 52 auf 75 Vici:erseinheiten,

die des Tantals bei 90 min von 58 auf 75 Vickerseinheiten an

( Vgl. Abb. 5).

Da uns aus der Literatur keine Angaben Uber die .Ligenschaften von

ele,:tronenstrahlgeschmolzenem Rhenium bekannt sind, sollen hierzu

noch einie Werte mitgeteilt werden E6] . Rheolum wird k:altverZor,nt,

da es beim .wrwiirmen aul3erordent1ich heftig oxydiert. Viegen der

starken Verfestigung ( Abb. 4) muBten die mm Elektronenstrahlofen

geschmolzenen Knopfe beim 4a1zen jevJeils nach Dickenvermindemng

bei 1 500° C mm Hochvaimum geglfiht werden. Abb. 6 stellt den 1.,,inf1uB

des icaltalzens auf die Harte von Rhenium dar. K.urve Igilt far im

Lichtbogen geschmolzenes 7' . liach dem 6chme1zen im

tronenstrahlofen ergab sich mm 1,itte1 die Kurve 2 und als untere

Grenze die iairve 3. Zur Gegenfiberstellung wurde der lidrteverlauf

ffir eleLtronenstrahlgeschmolzenes iTickel eingezeichnet ( lalrve 4),

welches sich miter den herkommlichen Letallen am stdrksten ver-

festigt.

In Tabelle 2 werden die bei Limmertemperatur ermittelten mechanischen

higenschoften mit iJiteraturangaben verglichen. Das im Elektronen-

strahlofen geschmolzene Rhenium hat eine geringere Zugfestigkeit
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Table 1. Mechanical properties in electron beam
melted metals

Harte
nach dem
Schmelzen

HV 10

Nach Kaltwalzen und Glahen  ------
Hdrte

HV 10

KorngroBe

mm2
.o12—Grenze

kp/mm2
Zusfest.

kp/mm
2

_
Dehnung

%

Ni 48 56 o,007 10 34,4 43

Zr 70 122 o,00008 19 24,6 33

Nb 35 41 o,6 7,4 10,3 38

Ta 55 70 0,05 14,1 19,5 40

Re 135 223 ol oo1 31,5 85 32

Mo 153 nicht kaltverformbar ,

W 313 nicht kaltverformbar
]

Table 2. Tensile properties of Rhenium at Room
Temperature

gesintert.
nach

o ,2-2Tronze

kp/mm2,1

ZusfcstiL;keit

ikpinim2

32,5 115

Dehnune

% J

24

gesint;crt. Blech
nach [41

nach [5]

95

27,4

118

105

28

19

elektronenstrahl—

geschmolzen, Blech
31,5 85 32
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und eine gro3ere Dehnunz als pulvermetallurgisch hergesteiltes

Latorialo

Geach und itarbeiter _7 haben gefunden, daB sich eine im Licht-

boenofen Geschmoizene Lolybd,,nlegierung mit 35 4.to1fl2o Raehium bis

tiber 90 % einwandfrei ohne Zwischengldhungen kaltverformen laBt.

Meraings liegt die Dehnung derart verformten nach einer

Gldhbehandlung bei I 600° 0 bei aur 2 % F81D± im Eiektronen-

strahlofen geschmoizenen Knopfe der Eieichen hegierung laissen sich

ebe_lfalis bis dber 90 % kaltwalzen. Die Dehnung nach einer Gldh-

behandlung bei 0000 0 betragt aber 20 4. Ob die ,Linstigeren

DehnungseiGenschaften auf ctie hOhere Gldhtemporatur oder die gro3ere

Reinheit des elektronenstrahigeschmolzenen ivatcriaiS i,Juruckzufiihren

sind, konnte noch nicht entschieden werden.

In Tabelle 3 werden einige mechanische Eigenschaften der elektronen-

strahlgeschmolzenen 35 At% Re-iiegierunG mit nach anderen Ver-

fahren hergesteiitem L.aterial verLlichen.

211 den bisher durchgeflihrten metaliographischen Untersuchungen

der im 1,aektronenstrah1ofen geschmolzenen Lnopfe soilen drei Jijider

als Beispiel dienen. Sie sind an ein1;e1nen h:ornern aufgenommen

warden, deren Orientierung rontenographisch bestimmt wurde.



Table 3. Tensile properties of the Mo-35 (At-70)
Rhenium alloy

0,2_Gronze

kp/mm2
ZuGfestigkeit

kp/mm2

Im Lichtbogen geschmolzen
warm—u.kaltgewalzt,
nach E5]

dto. geglaht 1/2h, 1650°C 86,5

un Lichtbogen geschmolzen

2220 kaltgewalzt 

nach [8]

dto. gegliiht 2h, 1600°C

148 169

105

Dehnung

22

MOO

ONO

180

125

<1

2

Im Lichtbogen geschmolzen,
warm— U. kaltgewalzt,
nach 83

dto. geglaht 1 h, 1700°C

OMNI

OMNI

174

98,5

2

22

Harstellungsverfahren
unbekannt, nach L91

Im Elektronenstrahl
geschmolzen
90% kaltgewalzt 

dto. geglaht 4 h, 2000°C

39 91,5 25

IMO

38

174

85

<1

20
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Abb. 7 zeigt eine Atzfigut auf der Basisfldche von Rhenium, wahrend

die Abb. 8 und 9 auf einer (111)-Fldche von Niob beziehungsweise

(100)-Flache von Tantal erhalten wurden. Auf die Problematik solcher

Atzversuche im Zusammenhang mit dem ifachweis von Versetzungen

kann hier nicht nailer eingegangen werden.

Die Elektronenzonenschmelzapparatur 

Fir die Herstellung von einkristallinen Staben steht eine Elektronen-

zonenschmelzapparatur zur VerfUgung, die in Anlehnung an die von

Calverley und Litarbeitern DO] entwickelte Anlage aufgebaut wurde
(Abb. 10) [i1] Sie besteht aus dem Rezipienten mit Eckventil

und Diffusionspumpe ( 2 000 1/s), einem 10 kV Gleichrichter und

einer Regeleinrichtunge Der Zonenschmelzeinsatz ist am dberen

Flansch des Rezipienten befestigt. Die Fokussierungsbleche sind so

ausgebildet, daB em n Bedampfen der Kathode von der 6chmelzzone her

weitgehend vermieden wird.

Bisher wurden einkristalline Stabe aus Zirkon, Niob, Molybdan, Tan-

tal, Rhenium und Wolfram hergestellt. Bei Bedarf kann die orien-

tierung mit Hilfe eines 1.- eimes vorgegeben werden. Die Ringkathode

besteht jeweils aus dem gleichen Metall wie der zu reinigende stab.
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Fig. 7. Etch figure in the basal plane of Rhenium (electro-

lytically polished and etched with 10V-1 amp/cm2 in

1 part Cr03 + 4 parts CH3 COOH + 1 part 1T20)

Fig. 8. Etch figure on a(111)plane of Niobium (electro-
lytically polished with 10-15V-1.5 amp/cm2 in 2 parts

lactic acid + 1 part H2SO4 + 1 part HF and chemically

etched in 10 parts 1120 and 10 parts 1-IF + 10 parts

112SO4 + 1 part 11202 for 30 minutes)
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Eini .e Ei,?enschaften elektronenzonen escamolzendr Einkristalle

Zur schnellen Charakterisierung der elektronenzonengeschmolzenen

Einkristalle wird die Harte langes der Stablange gemessen. Abb. 11

zeigt den entsprechenden Verlauf fur Tantal- und NiobeinKristalle

lurve I bzw. Ii.urve 2). Der gleiche Gang wurde fdr das Widerstands-

verhaltuis R ( 800 K) / R ( 273° K) festsestellt ( iixrve 3).

Der stetige Abf all vom Stabanfang zum Stabende ist noch unseklart,

da er off enbar nicht Hit der Verteilung von Verunreinigungen mit

einem Verteilunsskoeffizienten )-1 erklart werden icarni.

Die Reinheit von eleictronen1Lonenseschmolzenen Wolfrap.eihkristailen

konnte durch das freundliche EntsesenKoamen von herrn Dr. 'aaldron

mit dem FestorpermassenspeKtroaeter S 7 der Associated Electrical

Industries, Lanchester ( England), iiberpruft werden ( Tab. 4).

Es handelt sich um eine Versuchsserie mit unterschiedlichen Schmelz-

bedingungen ( Probennummern vgl. auch Tab. 6), Die dazu notwendigen

Elektroden mit einem Durchmesser von 2 mm wurden in der Elektronen-

zonenschmelzapparatur gezogen. Die in Tab. 4 zu einer Gruppe

zusammenGefaften Verunreinisungen Jod, Chlor, Schwefel, Amor und

Bor.sind sicher auf die Atzbehalidlunt; vor der massenspetrouetri-

schen Analyse mit FluB- mid. 6alpeters:lure zurdc.,:zufiihren.



Table 4. Emission spectrometry analysis of trace impurities
and resistivity ratio R(o)  of zone refined

tungsten samples R(273)

Proben-Nr.

Verun-

reini-

gangs-

gchalt

[PA

(1 ppm =

10
-4Atom-

prozent)

Indium

Molybdan

Arsen

Zink

Kupfer

Nickel

Kobalt

Eisen

Chrom

Kalzium

Aluminium

Tantal

Jod

Chi or

Schwefel

Fluor

Bor

14

3

o, o5

0,4

0,03

1,5

o,3

0,25

0,03

0,1

0,1

1,5

0,03

7

0,1

0,4

0,1

2

0,05

0,5

0,03

1

0,6

0,4

o,1

o,5 0,15

o,6 0,5

5 2

1 3
0,1 0,0

1,5 1,,3

0,0,5

o,4

0,2

3
o,2

0,5

0,03

0,6

0,6

1,7

0,6

10

0,1

0,4

0,07

2

0,05

o,2

0,03

0,2

015

0,3

0,15

10

0,1

1

2

7
0,15

0,05

0,4

0,1

2

0,1

0,2

0,03

0,15

13

0,05

0,7

0,03

2

o,3

015

a, o3

0,6

0,1 11,5

2,5 1

0,06 0,6

10

015 o,2

1,5

6 1,6

3 lo

0,2

2,5 3,7 3,2 0,

0,05

o,4

0,1

3

0,15

o,2

0,15

0,15'

007

2

o,2

10

o,35

0,6

5
3
0,3

3,2
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Der hohe Tantalgehalt erzidrt sich aurch die Tatsache, daB die

Ionenquelle des MassenspeKtrometers aus Tantalbauteilen gefertigt ist.

Andere als die angegebenen Elemente konnten nicht nachgeiesen werden,

wobei die Nachweisgrenze zwischen 0,03 und I ppia lag.

Das Restwiderstandsverhdltnis z = R (0°K) / R (273° K) dieser dolfram-

einkristalle liegt zwischen 6,2. 10-5 mid 1,5'10-5. Der beste bisher

-6
gemessene Wert betragt 7• lo . i)iese derte liegen etwa eine Lro2Jen-

ordnung miter den in der -Liiteratur bekanntgegebenen Restwiderstands-

r
verhdltnissen 12, . Im Rahmen einer Versuchsserie, bei der die

einzelne-11 Zonaaschmelzparameter variiert wur den, solite geprUft

werden, worauf di reser Unterschied zuruckzuffihren ist ;13 .

Variiert wurden die Teaperatur, die Zonengeschwindigkeit, der Druck

im Rezipienten mid die l'Inzahl der Zonendurchgdnge. 6chwierigkeiten

traten bei der Temperaturmessung auf. Lrn geeignetsten erwies sich

zur nachtraL;lichen indirekten Bestimmung der Teiaperatur der Verdamp-

fungsverlust wdhrend des 6chmelzens.

Die VariationsmOd;licheiten fiir die TeAperatur sind nicht GroB0

is existiert eine optimale Temperatur, bei der die Schmelzzone ein-

wandfrei stabil bleibt. tieferen Temperaturen friert die Zone

leicht em, beziehungsweise der ,:;tab ist nicht ganz durchgeschmolzen.
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Bei hOheren Temperaturen dagegen wird das Wolfram so annflUssig,

daB die Zone instabil wird. Es soil deshalb innerhaib der Grenzen,

in denen die Zone durchgeschmolzen und stabil gehalten werden kann,

jeweils von einer tief en, normalen und hohen Temperatur gesprochen

werden.

In Tab. 5 sind die Verdampfulagsverluste 01 und die zugehorigen

Restwiderstandsverhdltnisse z eingetragen. Lan erkennt, daB bei

grol3em Verdampfungsverlust und damit einer hOneren Scbmelztemperatur

das Restwiderstandsverhaltnis abnimmt, wdnrend es mit groBerem

Ausgangsuruc1ime6ser zunimmt. Vermutlich spielen hier Diffusion.

und Durchmischungseffekte in der fldssigen Zone eine Rolle.

Der .binfluB der Zahl der Zonendurchgange, der Zonengeschwindigkeit

und des Druckes im Rezipienten 1st aus Tabelle 6 zu ertnehmen.

-6
Da s kleinste Restwiderstandsverhdltnis von 8 -10 erhalt man fdr

dreildal geschmolzene Stabe. '„leitere Zionendurchgdnge haben keine

Wirkung. Vermutlich 1st der EinfluB der Gitterfe
hler schon so groB,

daB der Restwiderstand von ihnen bestimmt wird.

Die Feinheiten, die sich aus dem Restwiderstand fiir die unter-

schiedliche Behandlung der Proben ergeben, sind aus den massen-

spektrometrischen Analysen nicht zu erkennen.



Table 5. Influence on the melting temperature on
equivalent zone motion velocities andcvacuum
and the residual resistivity ratio R(o) 

Z—
R(273)

and the evaporation loss of zone melted Tungsten
samples

Durchmesser des

Ausgangsmauerials

gum]
2

a/Y0 z/10

Temperatur der

Geschi-olzenen

Zone

niedrig

normal

hoch

1(.

28

33

612

3,2

2,5

3

aeo z/10-5 a/70 z/10-5
10.•••••••••••••

20

32

7,0

4,5

3,2

5

20 9,0

30 6,o

43 4,0

•••••••••••••••••••••••••••••••••••••••
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Table' 6. The effect of different melting parameters on
the resistivity ratio R(o)  and weight loss

7- R(273
of zone melted Tungsten bar

,

Pro-
ben

Nr.

Aus-
gangs-
mat.

2.11m1

Vakuum

10 -6TorT

Anzahi
doZonen-
durchg.

Zonen-
geschw0

D*mimi l?:.1

Tempe-
ratur

a z

—51
j i...,

EinfluB
der Anzahl
der Zonen-
durchg'dnge

1

3
4

5

2
,1,L

5
5
5

5

5
5
5

5

1

1

2‘

3

o,25

0,5 
0,25
0,5
0,5

normal
normal
normal
normal
normal

43
43
44
44
57

3,2
1,5
4,3
1,2
0,8

5
5
5
5

5
5

,

1
1
1

1
1

0,25
0,5
1,0
0,25

o,5
1,o

hoch
hoch
hoch
normal

normal
normql

52
33
23

1 44

30
24

2,0
2,5
3,7
4,3

5,9
11,0

EinfluB
der
Zon enge-
schwindig-
keit1

6

7
8

3

9
10

2
2
2

5

5
5

, 

EinfluB
des
Vakuums

_

7
11

9
12

2

2

5
5

5
70

5
70

1

1
1
1

0,5
0,5
015
0,5

hoch
hoch
normal
normal

33

33
30
30

2,5

3,2
5,9
6,4
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Mein Litarbeiter, Herr Wadewitz, untersucht im Rahmen seiner

Dissertation die 6ubstruktur zonengeschmolzener Wolframein-

kristalle, vor allem in Abhdngigkeit von den Zonenschmelz-

bedingunGen ['N:) . Die mit vorgegebener Orientierung herge-

stellten einkristallinen Stdbe wurden quer zur Ldngsachse in

Scheiben von 5 mm Dicke parallel zu (100) und (110)-Flachen

getrenut und elektrolytisch poliert. Die Gefdgeuntersuchung

wird bevorzu,-st nach der Paralielstrahlmethode von Berg [.15]

in der von Barth P161 angegebenen Technik durchgefUhrt.,

Danach bildet man eine parallel zur Lristalloberflache liegende

lietzebenenschar auf einer parallel zur laiistalloberfldche an-

gebrachten Fotoplatte ab. Bringt man zwischen Kristall und

Fotoplatte em n feinmaschiges Gitter an, so wird dieses, falls

die reflektierende 1:etzebene keinerlei Storungen aufweist,

unverzerrt auf der Fotoplatte abgebildet. Besteht der Kristall

aber aus geL;eneinander verdrehten SubkOrnern oder sind die

ffetzebenen verbogen, so wird das Gitter verzerrt wiedergegeben.

Abb. 12 zeigt links als Beispiel Paralielstrahlaufnahmen ohne

und rechts mit Gitter. Die beiden oberen Jiiider wurden an einem

zweimal Geschmolzenen iCristall am Stabanfang aufgenommen und

zeigen em n bis auf die Randgebiete wenig gestortes Geflige.

Auf den beiden unteren Bildern dagegen kann man, ebenfalls

am Stabanfang, eine Aufspaltung in viele Subkorner mit Winkel-
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Fig. 9. Etch figure on a (100\ plane of Tantalum (electro-
lytically polished With 10-15V-1.5 amp/cm2 in 2 parts
lactic acid + 1 part H2SO4 + 1 part IIF and chemically
etched in 10 ml Br2 + 90 ml CH3OH 4- 10 gr acetic
acid for 30 hours)

Fig. 10. Electron beam melting installation
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70

1 6°

50

40

30

Zonenanlang

SO 100

Abs1ana,mm

-0212

- 0,210

-0208

- 0,206

 0,204

- 0.202

- 0,200

150

Fig. 11. Hardness of Tantalum (1) and Niobium single crystals
(2). Resistivity ratio R(80°K)/R(273°K) of Niobium
single crystals (3).

Fig. 12. Parallel beam photograph of a W crystal, left without,
and right with lattice network.
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Fig. 13. Etch figures on a W-(100) face (electrolytically

polished with 15V with 57 KOH solution, etched a few

seconds with Murakami Reagent, photographed with Elmi

D2 - Zeiss, Jena)

1 0 p.

Fig. 14. Etch figure on a W-(100) face (electrolytically
polished with 15V and 87. KOH solution, etched a few
seconds electrolytically with 2V with 27 KOH solution,
photographed with Elmi D2 - Zeiss, Jena)
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unterschleden bis zu I° iiber den gesamten Kristallquerschnitt

beobachten. Dieser _ristall 1st einmal E;eschmolzen worden, wdbei

die obere Kristailhaiterung zur besseren Durchmischung der Schmelz-

zone gesen die untere mit 15 Umdrehungen / min rotierte. uffenbar

fdhrt diese mechanische Bewegung zu einer starken GefUgestOrung.

Parallel zu die sen rontgenogra.phischen Betrachtungen durchgefUhrte

:ittzversuche, auf die hier nicht ndher einL;et,sallgen werden soil,

haben ergeben, daB sich die SubhornGrenzen reproduzierbar anatzen

lassen, wdhrend dies far auf den Fldchen statistisch verteilte

litzfsrubchen nicht zutrifft. In dieselti ZusaAdenhang interessiert

auch die Feinstruktur der .tzfiuren, die mit hilfe des Elektronen-

mikroskopes ndher untersucht wurdenp Als Beispiele dafdr zeigen

die Abb. 13 und 14 iitzgr'dbchen auf einer Afolfram-(100)-Vldche,

die Abb. 15 auf einer lfram-(111).-.elache. Die von einer Alu-

miniumaufdampfmatrize erhaltenen Kohleschichtprdparate wurden

zur ±\.ontraststeigevung in der Ublichen V eise mit Gold-Palladium

schridg bedampft.

269



Weiterhin soil noch erwahnt werden, daB sich Arbeiten, die erst

begonnen wurden, mit der Plastizitat kubisch-raumzentrierter Ein-

kristalle befassen. Bei dieser Gruppe von Letailen herrscht, völlig

abweichend von der Situation bei den kubisch-fldchenzentrierten und

hexagonalen Metallen bis heute zum Beispiel noch keine endsUltige

Klarheit darUber, welche Gleitsyste,ae betLitigt werden und ob diese

kristallographisch bestimmt sind E.1) Fragen dieser und ande-

rer Art solien in einer Zugprdfiaaschine naher untersucht werden,

die sich noch im Aufbau befindet. Die Einristalie kOnnen thlmit

bei konstanter Last und mit konstanter Geschwindigkeit verformt

werden. FUr Plastizitutsuntersuchungen bei sehr hohen Temperaturen

wird auch hierbei die Elektronenneizung einesetzt werden. Der Probe-

korper viird bis auf etwa 2 000
0 0 mit hilfe eines direkt geheizten

Tantalheizrohres dureh ,Arahlung erhitzt. Hohere Temperataren er-

reicht man, indem die aus dem heizieiter austretenden Elektronen auf

den ProbekOrper hin beschleunigt werden -191 203

Loprovisierte Verformungsversuche in der ElektronenzunenschLielz-

apparatur, wobei die .thlek'Gronen nicht fokussiert wurden,

•

ergaben

zum Beispiel bei 2 0000 X auf der Stirnflache eines aolframeinkri-

stalles this in ,Lbb. 16 ge.eigteGleitspurenbild. iJiese Spuren

veriaufen abeichend zu denen auf der Seitenflache nicht geradiinig,



Fig. 15. Etch figures on a W-(111) face (electrolytically
polished with 15V with 57 KOH solution, etch 20
seconds with Murakami Reagent, photographed with
Elmi D2 - Zeiss, Jena)

Fig. 16. Slip lines on a Tungsten single crystal
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sondern [_;ewellt, was auf das herauswanderu von 6chraubenversetzunGen

au s ihren Gleitebenen zurdckzufdhren 1st [0]. Laue-..;,ufnaLmen der

verforraten Deaiche lassen auf eine viLhrend aer 10-Jtundie Ver-

suchsdauer vdritsala werdende Polyonisation lerdrehunjen (or

lois 40Polnonisationskorper schlieen0 i)as zugehorice ;"itzbild

zeigt Abb. 17.

Das Gleitsystem wurde bei diesen Vorversuchen, bei denen die Stab-

ace uit der <110> Richtun zusammenZiel, zu t211 <111> bestimmt.

jchluB 

Der Bau der bescuriebenen ApparL,turen uhd die DurchfuhrunL; der

einzelnen Watersuchungen wurde voli eink.)r Gruppe von P-nysikern,

inenieuron mid :echanilc.ern durcilGefahrt, ich far ihre

ILLtarbeit herziich danke. —i.tL,rbeiter, herrn ,JchlaubitL],

cane ich besonders f,,;.r die Linters-tut un,; bei der Abfassung dieses

Berichtes.
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Fig. 17. Etch pattern in a Tungsten crystal deformed at 2000°K
(110) face, etched with equivalent parts HF, HNO3,
and H20
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HORIZONTAL ZONE MELTING OF REFRACTORY METALS
BY REMOTE GUN ELECTRON BOMBARDMENT

By

T. Hikido
Metallurgist

Oak Ridge National Laboratory
Oak Ridge, Tennessee

ABSTRACT

An electron bombardment button and ingot melting furnace

has been adapted to zone melt refractory metals by designing a water

cooled copper cavity of 4-1/4-in. -i.d. x 7-in.-o.d. which can con-

tain approx. 1.2 kg of metal.

One of the objectives of the zone melting work is to pro-

duce single crystals of refractory metals for mechanistic studies

pertaining to corrosion, oxidation, and deformation.

Compared to floating zone melting techniques, horizontal

"zone melting has the advantage of permitting larger specimens to be

refined.
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THE HORIZONTAL ZONE MELTING OF REFRACTORY METALS

BY REMOTE GUN ELECTRON BOMBARDMENT

INTRODUCTION

At the Oak Ridge National Laboratory columbium and other refractory

metals of very high purity are required for research programs on the

mechanisms of corrosion, oxidation, and deformation. An electron-

bombardment melting furnace has been quite effective for preparing

suitable starting materials for much of this work. However, in order

to achieve higher purities and, if possible, to grow single crystals,

the furnace was adapted for zone melting. This paper describes the

zone-melting apparatus and presents the results of preliminary

experiments.

THE BASIC ELECTRON-BOMBARDMENT FURNACE

The electron-bombardment furnace used in these experiments was

built by the NEC Equipment Corporation and is of the type described by

E. S. Candidus.1 Its salient features, which are illustrated in Fig. 1,

include a remote, self-accelerated, Pierce-type electron gun, magnetic

focusing of the electron beam, and separately pumped gun and melting

chambers. A second solenoid, not shown in Fig. 1, is mounted below the

aperture to provide more precise control of the electron beam. The

18-in.-diam by 18-in.-high cylindrical melting chamber has an 8-in.-diam

opening in the bottom plate through which the cold mold or button hearth

is installed. The two 10-in, oil diffusion pumps backed by a 30 cfm

compound mechanical pump maintain normal operating pressures of approx

1 x 10-5 torr.
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Three circuits compose the power supply which is capable of pro-

ducing a 60-kw (20 kv, 3 amp) electron beam. First, a variable auto-

transformer is used to heat a tungsten filament in the electron gun.

Second, a 3-kv, 0.5-amp circuit is used to accelerate the electrons

emitted by the tungsten filament to bombard and thus heat a tantalum

disk, which is the main beam cathode. Third, the output of a motor

driven 0-480 v variable transformer feeds a step-up transformer and a

three-phase full-wave rectifier to produce the main beam accelerating

potential.

Both the accelerating potential and the beam current can be con-

trolled to obtain the desired electron-beam power. Generally, the

potential is raised to the operating level and left constant. The

beam current is then brought to the desired level and controlled by

manually adjusting the filament transformer or by means of an emission

regulator designed by C. B. Sibley of NRC. This regulator has proved

to be very effective for providing the stable beam power required for

producing a constant molten zone.

ADAPTION OF THE FURNACE FOR ZONE MELTING

In order to use the electron-bombardment furnace for zone melting,

a rotatable, water-cooled, copper hearth was installed through the

8-in.-diam opening normally used for the cold mold or the button plate.

The material to be refined is contained in an annular 4-in. -ID by 7-in.-OD

cavity in the hearth and the molten zone is caused to move along the bar

by rotating the hearth beneath the stationary electron beam. This arrange-

ment permits the refining of a relatively long bar in the limited area
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available and also the use of simple rotation to achieve movement of the

molten zone. The main disadvantage lies in the nonuniform travel rate

along the solid-liquid interface; the travel rate increases with radius.

A concentric tube arrangement is used for the hearth-cooling water-

flow system. The water enters through the inner tube, flows through a

channel machined in the copper hearth below the annular sample cavity,

then discharges through the annulus between the inner and outer tubes.

These tubes also serve as the drive shaft for the hearth assembly. The

hearth is mounted on an adapter flange with the shaft passing through a

standard double 0-ring vacuum rotating seal.

Rotation of the hearth is achieved by an electric gearmotor coupled

to a stepwise adjustable transmission. This transmission consists of a

series of three gear boxes which provide rotation speeds of 1/16, 1/8,

1/4, 1/2, 1, and 2 rph. These rotation speeds correspond to mean zone

travel rates (at the midradius of the ring specimen) of 1-1/8 to 36 in./hr.

MAGNETIC SHAPING OF THE ELECTRON BEAM

The electron beam normally produces a circular molten zone. In order

to obtain a zone with a straight liquid-solid interface, experiments were

conducted using magnetic fields to shape the beam. The magnets used were

solenoids containing Armco iron cores with mild steel parallel end plates.

Two of these magnets were mounted on the top plate of the furnace, one on

each side of the 4-in. -diem tube through which the electron beam enters

the melting chamber. The parallel end plates were oriented normal to the

beam axis. Direct current was supplied to the solenoids, which were con-

nected in-series, from a variable power supply with a maXimum output of

3 amp at 100 v.
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It was found that the beam shape could indeed be altered by adjusting

the power applied to the solenoids. Data are not yet available on the

effect of zone shape on the purification achieved. However, one immedi-

ately apparent effect of beam shaping was to reduce the loss of material

by vaporization. One columbium sample which was zone-melted at a travel

rate of 1/4 rph with a 17.6-kw beam without shaping lost slightly more

than 24% of its original weight by vaporization. Two similar samples

which were zone-melted at the same travel rate, but with a shaped beam,

had losses of only 3 to 4% even through a somewhat higher beam power

(19 kw) was used. This effect of beam shaping on the loss of material

by vaporization is illustrated in Fig. 2 which is a photograph of a

zone-melted columbium ring. The ring received a total of six zone passes.

On the last two passes, beam shaping was used on the top half but not on

the bottom. The beam power was 17.6 kw and the travel rate 1/4 rph for

these two passes. Further experiments are planned to optimize the beam

shape for purification and crystal growth.

EXPERIMENTAL RESULTS

Most of the effort to date has been directed toward developing the

mechanics of the zone-melting operation with columbium used primarily as

the sample material. The result of one experiment is shown in Fig. 3

which is a photograph of a columbium ring zone melted at approx 1 rph

with an unshaped 10.4-kw beam. One grain in the lower right-hand quadrant

extends the full width of the ring for approx 2-1/2 in. and through the

full, approx 3/8-in. thickness. Preliminary x-ray diffraction data indicate
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Fig. 1. Schematic Cutaway Drawing of
Electron-Bombardment Furnace.

Fig.2. Columbium Ring Zone Melted at Fig.3. Columbium Ring Zone Melted

k rph with a Shaped (Top) and at 1 with an Unshaped 10.4-kw

Unshaped 17.6-kw Electron Beam. Electron Beam.
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some substructure and lattice strain exists in this crystal. Further

evaluation is in progress in an attempt to determine whether the struc-

tural defects are due to the rotating mode of melting or to the tempera-

ture gradients imposed by the copper hearth. Other crystals over 1 in.

by 1 in. by 1/4 to 3/8 in. thick have also been grown and are being

evaluated.

CONCLUSIONS

An electron-bombardment furnace has been adapted to the horizontal

zone melting of refractory metals using water-cooled copper as a con-

tainer. It has been observed that under certain, not yet clearly defined,

conditions single crystals of columbium can be grown by this technique.

Evaluation of zone melted samples is currently in progress.
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ABSTRACT

Recently, where electron beam melting of metals has

become an important process for industry and for research, the

"classic" electron beam gun has proved to be the most versatile

electron source in this field. For installation equally well in
smaller research furnaces as in large furnaces for production,
electron beam guns were developed by us from a laboratory stage
into compact and robust technical units. These guns are
separately pumped and provided with water-cooled magnetic
focusing and deflecting systems. Different types from 25 kW up
to the 100 kW range, manufactured in our works, are shown. The

larger guns are equipped with tantalum block cathodes, indirectly

heated by electron bombardment.
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SOME VARIANTS OF APPLICATION OF ELECTRON
BEAM GUNS IN INDUSTRIAL MELTING FURNACES.

Due to the great interest in high purity refractory metals

and their alloys, electron beam melting has gained a wide accep-

tance as research and production technique. The process itself

has been known since 1905, but not until the need for the high

melting temperatures for the processing of the refractory metals

and the development of high pumping speed diffusion pumps could

it become a commercial process.

The realization of this process on a large technical scale

was shown for the first time by Dr. Smith and his team from

Temescal Metallurgical Corporation. In these furnaces mostly

two types of ring cathode systems are used as electron sources.

Recently, the so-called "transverse gun" system has also been

used.

When starting with electron beam melting three years ago,

we had two points to consider:

1) The ring cathode systems, used in the existing furnaces,

were not flexible enough to satisfy all requirements of

research. For larger production furnaces, these systems,

although they proved useful in technical respects, had in
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practice also some disadvantages which could not be

overcome without changing the entire system.

2) When using a "classic" electron beam gun or better a

system of 3 or 4 such guns, for research furnaces the

most versatile application was possible; for larger

production furnaces practically no limitation on

power was given, because it was known that per-

veances of guns up to 4.10-6 AV-3 could be reached.

These considerations and also the fact that we have been

doing research work since 1952 on electron beam guns with

magnetically focussed electron beams and separately evacuated

cathode space made it advisable for us to adapt such beam guns

to electron beam melting.

Now, different gun types are used in our furnaces. The

principle design is shown on a sample, used in production

furnaces, which is shown in Fig. (1).

The special characteristics of this unit are: tantalum

block cathode, indirectly heated by electron bombardment,

pierce electrode for concentrating the beam, water-cooled

anode, two water-cooled magnetic lenses and one one-dimensional

magnetic deflection system, the coils of which are also water-

cooled. This gun has a beam power in the 100 kW range at 20
3

kV. That means a perveance of 1,8.10
-6 AV2 . At present the

upper limitation is only given by the cooling problem. So,

286



- 
in
su
la
to
r

o
p
e
n
i
n
g
 
fo
r

e
v
a
c
u
a
t
i
o
n

h
e
a
t
e
r
 c
a
t
h
o
d
e

bl
oc

k 
c
a
t
h
o
d
e

—
 (
h
e
a
t
e
d
 
b
y
 e
le

ct
ro

n

b
o
m
b
a
r
d
m
e
n
t
)

aC
ce
le
ra
ti
on
 a
n
o
d
e

w
a
t
m
o
o
l
i
n
g

m
a
g
n
e
t
i
c
 
l
e
n
s

el
ec
tr
on
 
b
e
a
m

--
--
--
--
--
 
m
a
g
n
e
t
i
c
 
l
e
n
s

b
e
a
m
 
gu
id
in
g 
t
u
b
e

m
a
g
n
e
t
i
c
 
de
fl
ec
ti
on

s
y
s
t
e
m

F
i
g
.
 (
1
)
 
E
l
e
c
t
r
o
n
 
b
e
a
m
 
m
e
l
t
i
n
g

g
u
n

a
c
c
e
l
e
r
a
t
i
o
n
 
v
o
l
t
a
g
e
 
2
0
 k
V

b
e
a
m
 
p
o
w
e
r
 

1
0
0
 k
W

p
e
r
v
e
a
n
c
e

-
3

-
1
.
8
 
x
 
1
0
6
 
A
V
 7

F
i
g
.
 (
2
)
 

a
M
a
n
u
f
a
c
t
u
r
e
d
 
e
l
e
c
t
r
o
n
 
b
e
a
m

m
e
l
t
i
n
g
 
g
u
n
s
 
o
f
 a
 
b
e
a
m
 
p
o
w
e
r

o
f
 
a
)
 
1
0
0
 k
W
,
 
b
)
 3
0
 k
W
,
 f
o
r

i
n
s
t
a
l
l
a
t
i
o
n
 
i
n
 
a
 
c
o
m
m
o
n
 
a
n
d

s
e
p
a
r
a
t
e
l
y
 
e
v
a
c
u
a
t
e
d
 
g
u
n
 
c
h
a
m
b
e
r
.



naturally, this gun type can be used for quite some time up to

150 kW and there is no reason for the system itself not to

reach perveances up to 4.10-6 which corresponds to a beam

power of more than 200 kW.

The smaller guns in the range of 20 to 30 kW are using

only one magnetic lens as focussing system and have direct

heating of the cathode.

As you can also see from this sketch, the guns are de-

signed to be mounted in a common, separately evacuated gun

chamber. The cathode space has large holes for effective

evacuation.

In fig.(2) the manufactured units are shown:

On the left side, a 100 kW gun for production furnaces,

on the right side a 30 kW gun for smaller research furnaces.

Each gun represents an independent robust technical unit which

can easily be exchanged as a whole. For exchanging the

cathode, only the insulator has to be taken off.

In the electron beam melting furnaces usually several

guns are arranged symmetrically to the axis of the crucible

by vertical mounting in the common and separately evacuated gun

chamber. This is shown in fig. (3). By the deflecting

systems of the guns the beams are directed to the molten pool.

In order to judge the advantages of such a gun system,

let us view the electron beam melting process itself.
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to the
vacuum
pump

insulators

,
deflected 1

beams

  I  ,/crucible

common
gun chamber

for separate

evacuation of

the guns

Fig. (3) Vacuum chamber for common
connection of all guns to the
vacuum pump.

a

Fig. (4) Variants when drip and pool melting
with one electron beam gun.
a) Drip melt, inclined direction of beam
b) Drip melt, vertical direction of beam
c) Pool melt, central feed stock, inclined

direction of beam
d) Pool melt, lateral feed stock, vertical

direction of beam.
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The two ways to produce ingots are the drip melting and

the pool melting in a crucible with retraction of the crucible

bottom.

In fig. (4) the cases are shown where drip melting of a

consumable electrode and pool melting of scrap or granules is

carried out by using only one gun. When using a consumable

electrode, and this is absolutely necessary during the

second or third melt, always an energy shadow will occur, that

means that the ingot surface will not be excellent on one

side.

This is overcome when using the system of multiple guns,

also there is no problem in reaching the required power of

200, 300 or 500 kW.

In fig. (5) you see drip melting and pool melting,

carried out with this gun system, where the molten pool or con-

sumable electrode and molten pool are bombarded by deflected

beams at a suitable angle.

The gun system offers several advantages as for

instance in comparison to the known ring beam systems.

a) We can use one common beam system for all crucible

diameters and also for drip melt and pool melt. Our

system can be completely adapted to the different

crucible diameters by modification of the magnetic

beam deflection. This is done electrically without
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b)

mechanical change at the system itself.

The guns can be placed at a relatively long dist-

ance from the molten pool. The exactly straight-

ened electron beams, successfully focussed by

magnetic electron lenses attain a high yield of

energy in spite of the great distance. The long

distance guarantees good protection of the cathode

against splashes and metal vapours.

c) Furthermore, it is important that melting is per-

formed in a configuration held at ground potential

so that deflected beams can be used. By this the

ion current is minimized to a negligible value.

The occurrence of glow discharges in the melting

chamber, when degassing the melting material, is

considerably hampered.

d) The possibility is given to separately evacuate the

electron generating chamber. The beams can be led

through relatively narrow tubes. These guide-tubes

form such a gaskinetic resistance that already a

small diffusion pump for the electron generating

chamber is sufficient to keep the pressure therein

essentially lower than in the melting chamber. High

stability of the electron beams is so achieved.

Bursts of gas practically do not result in glow
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Fig. (5) Drip melting and pool melting with a
system of multiple guns and deflected
beams.

Fig. (6) Drip melt with four electron beam

guns.
Electrode of columbium 50 mm diameter
Crucible 70 mm diameter
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charges.

Besides, the narrow water-cooled beam tube reduces

the back-streaming rate of metal vapours reaching

the cathode space.

e) The separately evacuated electron generating space

and the larger distance from gun to melt are two

reasons for the high life time of the cathodes in

the beam guns. Two other points are, that electron

beam source can be arranged as indirectly heated

robust block cathode and be placed in a dead angle

of the melt, owing to the deflection of the beam.

In this manner cathode life exceeding 100 hours can be

attained. The melting technique of multiple beam guns with

deflected beams offers various possibilities to influence the

energy distribution on the melt. For instance electron spots

on the molten pool can be suitably formed by the pole piece

shape of the deflecting system. There are also some small

electric trimmers to adjust each gun of the simultaneously con-

trolled system to correct the first differences in focussing

and deflecting from gun to gun, on the first operation of the

furnace.

In fig. (6) a photograph of a drip melt is shown.

A consumable electrode of Columbium with a diameter of
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50 mm is remelted to an ingot of 70mm diameter in this 
case.

The melting power of the four guns is about 80 kW. It can be

seen how the drops are forming at the base of the cone. Then

they run along the cone to its very end and drop into the

molten pool.

Ingot surface quality and purification effects attain-

able with our electron beam 
melting process hardly differ from

the results with other elect
ron gun systems. Because we can

provide an axialsymmetric energ
y distribution of the beam in

the molten pool, the ingot 
surface is primarily given by the

retraction technique. In order to obtain good surfaces, it is

necessary to keep the molten
 pool in the crucible rim and to

provide a uniform supply o
f energy and material. This is, of

course, easier to be 
attained under constant electron beam con-

ditions, as they are re
alized with our guns.

Fig. (7) shows ingots o
f tantalum and columbium, pro-

duced with our process.

Fig. (8) shows an electron
 beam melting furnace of 75 kW

with a system of three electro
n beam guns, vertically mounted in

one vacuum chamber. The plant is designed for research and

pilot scale tests.

All three guns can be used together, or if need be the

individual guns can be operated separately. The latter in
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Fig. (9) a

a) Melting of rods

b) Melting of buttons or rings

Fig. (10)
a)

t
-

VariantsVariants of electron beam casting

with bottom tapping; b)

heating of the molten

pool by electron beam

guns. The middle gun

is cut in just before

casting begins melting

through the bottom plate.

furnaces
with tiltable
crucible; heating
of the casting
flow and of the
cast metal in the
mold.



combination with special crucibles and deflection system

available enables the operator to perform individual melting

tasks.

In fig. (9) the melting of rods and of buttons and rings

is demonstrated. On horizontal rods, zone melting by contin-

uous deflection of the beam can also be made.

We have had a 260 kW power furnace with five older guns

in operation for a considerable time. The vacuum is produced

by two oil diffusion pumps, each pump with 8000 1/sec.

Another production furnace with four guns has been in

operation for three weeks. It has been running at the power

level of 260 kW and is intended in its final configuration to

have a 520 kW power output. The capacity of the oil diffusion

pump is 36000 1/sec.

An even larger furnace is presently under construction.

May I also draw your attention to another process which

can be well realized with a modified multiple gun system.

This is the casting of metals.

The electron beam is particularly suited for the intro-

duction of energy during casting process in the crucible, in

the casting metal itself, and even into the mold. With

multiple guns energy can be suitably distributed during each

phase of the process by either deflecting the beams or
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switching on or off single guns.

Fig. (10) shows two designs of electron beam casting

furnaces. In the design on the left the crucible is provided

with a casting hole in its center. The third middle gun is

to be switched on just before casting begins, in order to

melt through the bottom plate. The method on the right with

tiltable crucible shows how energy can be supplied on the

molten pool and the casting flow even during casting. With

this electron beam casting process we hope that we shall not

only be able to cast these metals in differently shaped molds

but we should also be in a position to effect grain refine-

ment and better structure.
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BACKSCATTERED ELECTRONS AS AN ANALYTICAL TECHNIQUE

By

R. E. Ogilvie
Professor

Department of Metallurgy
Massachusetts Institute of Technology

Cambridge, Massachusetts

ABSTRACT

When a specimen is irradiated with an electron beam, an

x-ray spectrum is produced which is characteristic of the energy

of the incident electrons and the elements present in the irradi-

ated area. There is, however, a fraction of the incident electrons

backscattered from the specimen. This fraction backscattered is

a function of the average atomic number of the irradiated area.

The measurement of the backscattered electrons opens up a new

technique for high resolution chemical analysis.

It is the purpose of this paper to discuss the principles

and applications of this new technique.
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Backscattered Electrons as an Analytical Technique

by

R. E. Ogilvie

Massachusetts Institute of Technology

When a specimen is irradiated with an electron beam, an x-ray

spectrum is produced which is characteristic of the energy of the

incident electrons and the elements present in the irradiated area.

There is, however, a large fraction of the incident electrons

backscattered from the area of impact. These backscattered electrons

may be divided into two groups, the primary reflected electrons and

the secondary electrons of low energy (less than 50 V). The secondary

electrons will not be considered here. The fraction of primary

backscattered electrons is a function of the average atomic number

of the irradiated area. The measurement of these backscattered

electrons opens up a new technique for high resolution quantitative

chemical analysis in binary or pseudo-binary systems or qualitative

analysis of multicomponent systems.

The incident electrons will penetrate the sample a particular

distance (R) which is a function of the accelerating voltage and the

atomic number of the specimen. This electron-specimen interaction

is illustrated in Figure 1. The range (R) of the electrons in several

materials as calculated from the theoretical data of Nelms
(1) 

is

illustrated in Figure 2. From this data it is easily shown that the

volume contributing to Ka x-ray production (Rc) for 30 KV electrons
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would be about 2.5 microns in depth. However, since the backscattered

electrons can only come from a depth of one-half the total range (RB)

there is a marked increase in the possible resolution of the system.

The resolution can be improved even more if low energy electrons

(2-5 KV) are used. In order to take advantage of the shorter

range of the low energy electrons it is necessary to have an electron

optical system capable of focussing the electron beam to sub-micron

sizes.

At present there is not an appropriate theory for the primary

backscattered electrons. However, if one uses the equations of

Birkhoff
(2) 

and Nelms
(1) 

for the variation of electron velocity

with distance traveled in the specimen, and Rutherford's equation

for elastic scattering of electrons by the nuclei, an expression

for the fraction of backscattered electrons ('11) may be derived:

where a

a - 1 +
a + 1

TT z2 e4 NA

m2 c A

This same expression has been derived by Everhart(3) in a similar way.

Figure 3 illustrates the variation of 11 with atomic number.

Figure 4 shows typical calibration curves for Au-Cu - Au-Ag alloys.

Here it is illustrated that the technique is well suited to the

analysis of diffusion couples or any bonded interface. The possibility

of measuring the composition at bonded interfaces with a resolution

of a few hundred angstroms is not too far off.
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APPLICATIONS OF ELECTRON BEAMS FOR EVAPORATION
AND MACHINING OF MATERIALS

By

Susumu Namba
Senior Physicist

The Institute of Physical and Chemical Research
Tokyo, Japan

ABSTRACT 

This paper reports results of property studies on

electron beam evaporated Zirconium, Titanium and Silicon thin

films. It also discusses a newly developed electron beam mach-

ining system with the following specifications:

Beam current concentrated on work piece is of about 10

and 0 - 2 mA; accelerating voltage is 10-50 KV; the beam can be

continuous or pulsed with frequencies of 1 - 10,000 cps and pulse

durations of 50/asec - 500 m sec; attained power density is above

10
8 watt/cm

2.

This system is capable of drilling and cutting fine

shaped holes and slits. The results from studies on electron beam

evaporated silicon films and their processing parameters are pre-

sented.
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THE APPLICATION OF ELECTRON BEAMS

FOR EVAPORATION AND MACHINING OF MATERIALS

I. Electron Bombardment Evaporation.

Vacuum evaporated thin films of titanium, zirconium

and silicon have been studied for several years in our

(1)(2)(3)(4)
laboratory. Until recently, titanium and zirconium films

have been prepared by resistance heating method. Since

these refractory metals become very active at high tempera-

ture, prolonged evaporation by tungsten heater charged with

evaporant is not desirable. If electron bombardment could

be applied for the preparation of pure evaporated films of

these metals, it would be better than any of the other

methods, because, by the electron bombardment method, the

highest temperature region is on the vapour emitting sur-

face but not, as is usual, on the evaporant heating material,

and therefore there will be no contamination of the film

from the heater material. This section describes the design

of an electron bombardment evaporation apparatus and the pro-

perties of the films produced.

(1) Evaporation Procedure.

A very simple evaporator by means of electron beam heat-

ing was devised as shown schematically in fig. 1.

A rod of metals to be evaporated is vertically sup-

ported and connected to a positive high tension supply of
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Metal rod to be
evaporated
(positive high tension)

Movable cathode system
(earth potential)
 tungsten filament

tontalum focussing plate
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Fig. 1 Schematic Diagram of The Apparatus
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5 kv. The cathode system consists of a circular electron-

emitting 0.5 mm tungsten filament of about 1.5 cm in diameter

and a set of tantalum focusing plates with holes of 1 cm

diameter, placed about 1 cm apart from the filament, and

is at earth potential.

The metal rod is bombarded by electrons from the heated

tungsten filament accelerated by the applied field, the beam

of electron being directed by the focusing plates. The

accelerating voltage is raised to increase the power of the

electron beam until the tip of the rod becomes molten and

hangs down in a form of a drop from which the metal is

evaporated.

A tantalum shutter is placed between the lower tantalum

plate and a heated substrate holder which is held at a dis-

tance of 5 cm to 15 cm from the molten drop. The tantalum

focusing plates effectively screen the substrate and molten

drop from being contaminated by evaporated filament tungsten.

The whole arrangement is enclosed in an evacuated metal

chamber.

The cathode system is made to be lifted up by manipula-

tion from outside to make up for the shortening of the rod

due to drop forming and evaporation and to enable prolonged

evaporation operation. The power required for evaporation,

which depends on the material of the rod and the configuration

of the whole system, is estimated at 100 Watt for a rod of
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1,̂4 mm in diameter. For example, evaporation from a 3 mm

titanium rod requires only about 10 mA at 2 kv (20 Watt).

(2) Titanium and Zirconium Films

The electric conductivity of deposited metal films is

known to differ from that of bulk metals and vary with film

thickness. Curve 1 of fig. 2 shows the surface resistance

R of deposited titanium films 
measured as a function of film

thickness D. To measure the film resistance during deposi-

tion of the films, the glass
 substrates were provided with

two electrodes of aluminiu
m film previously deposited at a

given distance apart. The film thickness was determined

by multiple beam interferometer method.

Evaporation speed is estimated from the film thick-

ness and evaporation time. Constancy of speed is attained

by controlling the size of molten drop, supplied power and

distance of the substrate from the drop. Curve 1 shows the

surface resistance of titanium films evaporated with 
the speed

of 3A/sec at l".J2 x 10-5 mmHg. In this case film thick-

ness was estimated by evaporatio
n time. Curve 2 of fig. 2

shows the surface resistance of bulk 
metal I' /D calculated

from its resistivity p and film thickness D. The ratio

of R to f /D is about ten which increases steeply at

small thickness of about 30A. Curve 3 shows transmittance

of films as a function of surface resistance. From the fig-

ure, we see that an evaporated film of titanium of 5c.,A thick-
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ness has the surface resistance of 700 D. and the transmittance

of 60% under these evaporation conditions.

Evaporation speed of zirconium was slower than that of

titanium.

In general, the resistance of deposited metal films

changes with the time. Surface resistance of deposited

titanium or zirconium films left in air increases gradually.

If deposited titanium or zirconium films are exposed to

glow discharge produced between two electrode3by high

voltage in a low pressure enclosure (10-2-, 10-3 mmHg),

they are oxidized from the surface by ionbombardment, thus

stabilizing the films.

Curve I, I', I" of fig. 3 show the aging of resistance

of titanium films of various thickness left in vacuum for a

half hour after deposition then oxidtzed in free air. Curve

II and III show the aging of resistance of a 50A thick

titanium film deposited simultaneously with the others,

then oxidized by ion bombardment to different degrees.

As shown in Curve I, I' I" the film resistance changes re-

markably during the first few minutes of exposure to air.

This change is perhaps due to considerable decrease in

number of conduction electrons by surface oxidation. The

oxidized surface layer of the film protects the film from

further degradation when left in air. Films once thus
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oxidized remained stable over several months.

Temperature coefficient of resistance of deposited

titanium or zirconium films is noticeably dependent on the

evaporation condition and oxidation degree, and so it is

possible to prepare films with positive or negative temp-

erature coefficient.

Fig. 4 and fig. 5 show the temperature dependence of

resistance of deposited titanium and zirconium films. Neg-

ative temperature coefficient was obtained on oxidized films.

Fig. 6 shows the reflection electron diffraction pattern

of a vacuum deposited 35UA thick titanium film subjected to

forced oxidation for 1 hr. The structure of the film was

that of rutile with diffraction spots of (110) orientation.

The diffraction pattern of oxidized zirconium film was very

similar to the pattern of oxidized titanium film. It was

not possible to tell whether the lattice is face-centered

cubic (a=5.07A°) or tetragonal (c/a=1.015, a=5.071fl dioxide

because of very broad diffraction rings.

The surface of oxidized films is extremely hard and

mechanically durable. Science crystalline rutile is very

hard and chemically stable, if we assume that the surface

of deposited titanium film is covered uniformly with titan-

ium dioxide layer due to forced oxidation, hard and durable

state of oxidized film surface is naturally expected. It
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is of practical interest to contemplate the possibility of

devising physically and chemically very stable film re-

sistors by surface oxidation of deposited titanium or

zirconium film.

(3) Silicon Films

Silicon thin films of the thickness of 2000-- 7000 A

were prepared in 1-- 2 x 10-5 mmHg vacuum with evaporation

rate of 0.5 A/sec. Acceleration voltage was about 3 kv

and electron beam current about 20 m/\. Fig 7 is a photo-

graph of a silicon drop in molten state as the source of

continuous evaporation.

The transmittance of these films was measured in the

visible and infrared region. Typical results are shown in

fig. 8. The absorption edge of Si bulk crystal is at about

1.1,e,, but that of Si thin film is at about 0.5/4. as can be

seen from curve I and II of fig 8. Curve III of fig. 8

shows the transmittance of Si0 thin' film, absorption edge

being at about 0.3tt Comparison of these figures show

that these Si thin films are partly oxidized and contain

tolerable quantity of SiO or Si02.

The index of refraction can be calculated from the

positions of transmission maximum and minimum which are

caused by interference. Estimating the refractive index of

Si films by the well-known simple relations which govern the
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position of the maxima and minima in case where there is no

absorption, we obtain the value of about 3.6 at 6000 A, the

thicker film having an index larger than that of the thinner

film.

From the fact that the indices of refraction of SiO, Si02

and Si are about 2, 1.5 and 3.5 respectively, the oxygen con-

tent in Si thin film seems not so large.

To obtain the oxygen content in evaporated Si film, the

infrared absorption band was analyzed. The number of Si-0

oscillators can be determined from the equation (5),

No
9n

2 2

(n+2) -Tr e

where pi, is the reduced mass of the oscillator, e is the net

electric charge, n is the refraction index of the surrounding

medium, OG max is the absorption coefficient at the band

maximum and H is the half-width of the band.

On the assumption that n is 3.6 and e is 4.8 x 10-1°esu,

the number of oxygen atom involved in the Si thin film is

estimated at about 3 x 10
-21 atoms/cm3

The result shows that the number of oxygen atoms is a

few percent of the number of Si atoms, and that the oxygen

content decreases with increasing thickness of the films. This

may be due to the surface oxidation after deposition.

The number of oxygen atoms calculated from Curve III of
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fig. 8 is about 3 x 1022/cm3 and that of the wafer crystal of

Si is about 2 x 1018/cm3. These values are considered reason-

able. To decrease the oxygen contents, either much higher

evaporation speed of several hundreds A/sec or higher vacuum

of about 10
-9 mmHg must be used. Construction of a high

power electron gun type evaporator is now being contemplated.

II. Electron Beam Milling Machine

The studies on electron beam machining in Japan were

started in 1960. Our laboratory constructed a tentative

apparatus in collaboration with Japan Electron Optics La
b-

oratory Co., Ltd. Similar apparatus are also being made

by many other laboratories.

Our apparatus shown in 
fig. 9 consists of four units:

1. milling unit with an electron beam chamber, a

machining chamber and evacuation system, (fig. 10)

2. high voltage supply.

3. electronic control panel with deflector control and

pulse generator.

4 • operation control panel with vacuum gauge, stabil-

izers of magnetic lens coil current, and indicators

to show working condition of electron beam.

The electron beam chamber consists of an electron gun, 1st

focusing magnetic lens, stigmator, electro-static deflection

plates and 2nd focusing magnetic lens. The electron gun
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consists of a hair pin filament at negative high tension, a

negative biased control grid, a positive biased control grid

and an anode at earth potential. By the adjustment of biased

potentials of the two grids, cross-over point of electron

beam can be varied over a wide range.

The beam intensity is controlled by the bias potential

of the negative control grid. Two electro-static deflectors

aligned between the 1st lens and the 2nd lens are in cascade.

The electron beam deflected by the 1st deflector is righted

by the 2nd deflector, so that the beam always passes through

the center of the 2nd lens with the deflection angle pro-

portional to deflection potential. A detailed schematic

diagram of the electron beam chamber is shown in fig. 11.

The work piece in the machining chamber can be moved in

X, Y and Z directions, and turned to any azimuthal angle.

All screws of these running mechanisms are controlled and

independently with accuracy of one micron from outside of

the vacuum chamber. A microscope of 100 and 200 magnifications

is located between the 2nd lens and the work piece holder

to observe the work piece.

Specification of the apparatus is as follows:

Beam diameter on work piece

Beam current on work piece

Accelerating voltage

5(ft, lot,

o 3rnA

10 50kv
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Fig. 11 Schematic Diagram of The Electron Beam Chamber
Two types of electron beam focusing are

possible to oftain high beam current (a)

and sharp beam focusing (b) respectively.

1 0 0 IA

Pig. 12 Electron Beam Milling of 0.1 mm Thick Brass

Pulse duration : 50 msec

Pulse frequency 10 cycle

Power of electron beam : 50 KY, 100 la

tungsten filament
grid 1
grid 2
anode

fluorescent plate I

aperture

1st focusing lens

stigmator

1st deflector

fluorescent plate

2nd deflector

2nd focusing lens

aperture

work piece
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Fig.

a

I 00 IA

13 Electron Beam Drilling Fig.

of 0.15 mm Thick Molybdenum

a: entrance; b: cross

section; c: exit

Pulse duration: 50qsec

Pulse frequency: 1000 cycle

Power of electron

beam: 50 KV, 5004A

I 00 µ

14 Electron Beam Drilling
of 0.5 mm Thick Stainless
Steel
a: entrance; b: etched
cross section; c; exit
Pulse duration: 50,sec
Pulse frequency: 5000 cycle
Power of electron beam: 50KV,

100Acli
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Fig. 15 Electron Beam Cutting of Evaporated Metal Film
an Ceramic SubstrAe

Pulse duration .: 50 lisec
Pulse frequency : 5000 cycle
Power of electron beam : 50 KY, 10 Win.-20
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Attainable power density ..>107 Watt/cm2

The beam can be continuous or pulsed with frequencies

of 5,000 cps and pulse duration of 50,U sec,— 500 msec,

and deflected + 1 mm to X and Y directions on work piece.

During the operation, vacuum of the electron beam

chamber and of the machining chamber was about 5 x 10-5 and

5 x 10-4 mmHg respectively.

Our experience, obtained last
 year, is not enough to

systematize the electron beam process. However, the applica-

tion of the process to several 
materials such as stainless

steel, molybdenum and sapphir
e, though still in an experi-

mental stage, gave many in
teresting results.

For example, drilling 
of round holes of 301.,L, icua.

through stainless steel and molybdenum plates of 0.2 0.5mm

thickness was successful by pul
se duration of 5o A.k sec, fre-

quency of 1,00Ucps ̂ --5,00Ucp
s, beam current of about 300A A

and acceleration voltage of 50 kv
. All holes drilled have a

bell shape entrance and bell 
shape exit with a straight part

of 10 times of the hole diameter. (Fig. 12, 13, 14).

Etch pattern of section showed th
e presence of melting

zone around the drilled hole. (Fig. 14).

Ceramic materials such as glass and sapphire were cracked

by localized thermal tension under the electron bombardment.

However, drilling by low density bombardment at several tenth
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p,A was satisfactory.

Fig. 15 is an example of line cutting of a metal film

deposited on ceramic substrate.

Our tentative apparatus has still many points to be

improved and our second apparatus is now in the course of

preparation.
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ELECTRON BOMBARDMENT IN THIN FILM
MICROCIRCUITRY PRODUCTION

By

David Wm. Moore
Manager

Lear, Incorporated
Santa Monica, California

ABSTRACT

This paper describes a production evaporator which

will produce 80 - 500 thin film microcirc
uits in a two-hour

cycle. Particularly stressed is the role of electron bom-

bardment in the deposition of the resistive circuit elements.
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A SYSTEM FOR THE PRODUCTION OF MICROCIRCUITS

It is now possible to produce thin film and hybrid microcircuits by a semi-

automatic machine so that the component tolerances which are required for

precision military systems are obtained. It is also possible to produce these

microcircuitized systems for a cost which is considerably below that now con-

sidered average or normal for this type of equipment. In fact, the financial

savings which can be expected with all types of microcircuitry are becoming

known in the industry and, in effect, are the main reason for the unprecedented

interest in this type of circuit fabrication. For years the scientific community

has been aware of the availability of various forms of circuit miniaturization

techniques. It has been possible for at least five years to make forms of

microcircuitry which could enable a substantial size reduction and a correspond-

ing increase in at least reliability. The cost of this type of circuit fabrication

was, however, several times that of conventional circuit fabrication techniques.

This increased cost precluded the use of microcircuitry for any use except the

production of sample circuits to show in the right places. During the past year,

possibly the last two years, it has become possible to make relatively inexpensive

microcircuits. In fact, t can quite easily be shown how the use of microcircuit

techniques can reduce the costs of some circuits by almost an order of magnitude.

This now becomes an item of real and practical interest to all fabricators of

electronic systems.

The extent to which this cost reduction potential has invaded the military thinking

can be shown by the following experience which I had about six months' ago.
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I had planned a visit to a large Air Force base to talk with the gentleman who

is in charge of the development of advanced electronic packaging techniques.

The purpose of my visit was to convince this gentleman that microcircuitry

could be produced with present state of the art techniques for lower costs than

cord wood or printed circuit board assemblies. I had come prepared to discuss

the reasons for my convictions with him, and to try to get him to accept the

reality of this situation. When I explained the purpose of my visit to him, he

simply said, "I know it. ". There was no need for any convincing on my part.

I, obviously, was not the first visitor who had brought to him the "glad tidings".

Now, the fact that I was received in this manner is
 extremely significant. It

indicated that the cost reduction potential of the microcircuit processes is

accepted. It means that the industry is aware that the advantages of the micro-

circuit (small size and weight, and greater reliability) are now combined with

lower cost. This is in effect a revolutionary combination, and those of us in

the field can feel the vanguard of this revolution right now. We are making so

many quotations that it is becoming increasingly difficult to find the time to

prepare them adequately. The requests for quotations are not just for five and

ten of a circuit for sample quantities, but for really large quantities. Within

the past month we have considered quantities of as high as 50,000 of a single

type of circuit. Many of these inquiries are fishing expeditions. I do not expect

anyone to order thousands of any microcircuit or microcircuitized system this

• year. I am sure, though, that they will next year. The trend has started, and

it is irrversible.
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I have dwelt perhaps more than I should in a short paper of this type on the

cost reduction aspects of the microcircuitry production processes which we

will be considering. This is justified, however, by the fact that the cost re-

duction potential is the greatest single factor which will get the microcircuit

parade off to a good start. Without the cost reduction considerations, the

microcircuit art would never get off the ground, so to speak, even for complex

military systems.

As probably most of you know, there are several basic approaches to the

fabrication of a microcircuit. We feel that for the immediate future, the

really significant forms of microcircuitry will be the molecular circuit function,

the thin film integrated circuit, and the hybrid circuit. The machine described

in this paper will be usable for the thin film and hybrid microcircuitry systems.

Both the thin film integrated circuit and the hybrid circuit make use of thin

film passive components and interconnecting wiring. These passive components

and the associated wiring are produced by combinations of thin film materials

which usually are deposited by carefully controlled vacuum deposition techniques.

The vacuum deposition techniques are particularly adaptable to the microcircuit

problem because they can be deposited through precision masks to produce

directly and without hand adjustment, circuit components having the accuracies

required for most types of military equipment. The mask through which the

microcircuit is evaporated is the controlling factor, and it fortunately can be

fabricated for a reasonable cost since it constitutes the bulk of the so called

"production tooling" required for any microcircuit which goes into production.
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The thin film microcircuit requires "add on" transistors and diodes. There

are various forms which these transistors can assume, ranging from bare

silicon chips to completely canned elements of the type which would be used

in the more conventional printed circuit board techniques. These "add on"

components determine to a large degree the production cost of any microcircuit,

and account for probably 80 to 90 percent of the construction costs. They are

also the portion of the integrated microcircuit most susceptible to damage

from environmental exposure. Nevertheless, highly accurate and reliable

integrated thin film circuits can and are being produced, and to my knowledge

there is currently no other manner in which this can be accomplished.

The hybrid circuit is a new concept which, in effect, combines the solid circuit

function and the thin film integrated circuit. The hybrid circuit is a thin film

integrated circuit which has been deposited upon a silicon substrate into which

the required active elements have been diffused. The circuit is deposited onto

this silicon substrate instead of the normal dielectric substrate of glass or

other suitable material. Being deposited upon a silicon substrate into which

the active elements have already been diffused, the hybrid circuit is complete

when it leaves the production evaporator. It is not necessary to add transistors

to the hybrid circuit.

The cost aspects of the hybrid again are particularly interesting. Transistors

diffused into the silicon substrate can be prepared for pennies apiece because

the necessity for dicing the silicon and mounting the transistors is eliminated.
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These handling costs are the most expensive part of transistor production,

particularly for the extremely tiny units now being used for many of the thin

film microcircuits. The hybrid circuit is a new concept, we are making some,

others are also making some. Whether any precision hybrid microcircuits

are in actual use, I do not know. But here again, it will not be too long until

they will be.

The main advantage of the integrated thin film microcircuit and of the hybrid

circuit is that the passive components can easily be deposited to the rather

close tolerances which are necessary for military equipment. With the thin

film circuit it is possible to exactly reproduce any conventional circuit, although

significant gains are usually possible with careful and intelligent redesign. But

in any event, the accuracy and the stability of the passive components, which are

a must for any practical circuit, can be obtained from the thin film process.

Now, a thin film integrated or hybrid microcircuit is usually fabricated from

three to five layers of thin film materials. Each of these layers must be de-

posited through a properly prepared mask in accurate registration with the

underlying layers. The deposition process must be so handled that stable and

accurate electrical characteristics are obtained from the film materials.

The films which are deposited are evaporated in a vacuum in the 10-6 mm region

and at substrate temperatures of from 200 - 4000 C. This combination of low

pressure and high substrate temperature is what has presented the difficulties

in depositing thin film circuitry at high production rates. To minimize
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production costs it is necessary to accomplish as much as possible at one

"pump down" and during one heating cycle.

The Lear high speed production evaporator has been designed to economically

and rapidly deposit the film materials normally used in thin film and hybrid

microcircuitry. This machine is quite flexible and can be set to meet a wide

variety of material and application requirements.

As currently operating in our own facility, this machine will evaporate any of

three different materials, through any of as ma
ny as five different masks,

onto a total of 20 one inch square areas. 
This deposition is accomplished in

a two hour time cycle.

Usually, the three materials would be a
 resistive alloy, a conductive alloy,

and a dielectric film. This material combinati
on would permit the deposition

of the passive components normally 
used in thin film and hybrid microcircuitry.

With these three materials, resi
stors, condensers, and the interconnections can

be deposited.

Figure No. 1 is a photograph of this machin
e which is semi-automatic and

particularly well adapted to both production lin
e and development laboratory

use. The critical operations of this machine are automatic, the non-critical

operations are manual. For example, the resistance cutoff is extremely

critical and is automatic. The vacuum pumping control is automatic so that

an operator can attend more than one machine. Substrate indexing is manual,

as are the various voltage adjustments for the evaporation sources and substrate
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heaters. The use of manual adjustments and controls where such control will

not adversely affect the operation of the machine substantially reduces the cost

and complexity of this equipment and increases its operational reliability.

High speed oil diffusion pumps of advanced design with liquid nitrogen traps

are employed to insure adequate pumping speed and a sufficiently low pressure

during the evaporation of the film materials.

The deposition of all of the film materials required for a specific microcircuit

in a single pump down contributes markedly to the consistency and reliability of

the microcircuit, as well as to minimizing overall fabrication costs. Whenever

more than one evaporation is required to produce a thin film component, there

are always unknown and unpredictable effects due to surface contamination and

possible film damage due to improper handling. These variables are eliminated

by the single evaporation.

The operation of this high speed evaporator has been tailored to the requirements

of the thin film production line and as such it forms the basis for a thin film

facility. It is also adaptable to pilot line and laboratory use where its speed

and flexibility can very substantially reduce the time required to develop

experimental microcircuitry. We estimate that this type of machine would be

as effective as 50 to 100 standard coaters.

The Lear Production Evaporator deposits any of three materials through five

different masks and onto twenty different one inch square areas. This means

that 20 five layer devices, or sets of devices, could be deposited in the two
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hour cycle of this machine.

As an example, we can consider the fabrication of microcircuitry on one-half

inch square glass substrates. This one-half inch square size has become

widely used in our own facility and is a size upon which a substantial amount

of microcircuitry can be deposited. Since the area of a one-half inch square

substrate is only one-fourth of a square inch, four of these substrates can be

placed in one of the one inch square areas in our machine. And, since there

are 20 such areas, this machine can be loaded with a total of 80 one-half inch

square substrates which it will process in a two hour cycle.

The following table shows the relation between substrate size and the number

of microcircuits which this machine could process in two hours:

Substrate Size
Substrates Processed
in Two Hours

i" x 1" 20

1/2"x 1/2" 80

1/4" x 1/4" 320

0.2"x 0.2" 500

The circuit yield would depend upon the circuit complexity and component

tolerances and, to a degree, upon substrate size. We would estimate a yield

of from 50 to 90 percent, the higher figure being characteristic of production

runs of several hundred or more of the same circuit. Larger quantities would

be required in the smaller substrate sizes to stabilize the production process.

333



At this writing there have not been large quantity requirements for micro-

circuitry of any type, so large quantity yields are a matter of estimation

rather than of history.

The high speed evaporator would be used to deposit the passive components

onto either the dielectric substrates of the thin film microcircuit, or onto

the active substrate of the hybrid microcircuit.

Materials which can be evaporated from a filament, boat, chimney, or by

electron bombardment can be deposited by the Lear high speed evaporator.

For our immediate use we have this machine set up for the evaporation

of nickel chromium alloy for resistors, (electron bombardment), beryllium

copper for conductors (continuous feed boat), and silicon monoxide for

dielectric films for condensers and circuit insulation (chimney). These

three materials illustrate three different forms of evaporation which, in-

cidentally, would handle most of the materials normally considered for

microcircuitry. For complex films, where the vapor pressures of the

constituents may vary widely, a flash evaporation source could be easily

added.

Flexibility of this machine is assured by the ease with which materials can

be changed and corresponding adjustments made in substrate temperature.

Changes in materials or in processing techniques will not obsolete this

machine since such changes can be quite easily accommodated.
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The operation of this production evaporator is based upon a lazy susan prin-

ciple in which the substrates are positioned adjacent to the particular mask

through which the deposition is taking place and properly aligned. The lazy

susan which is apparent in Figure lA contains twenty one inch square areas

through which the films can be deposited onto the substrates in twenty batches

during the two hour cycle. The one inch square areas can be filled with as many

substrates as they will hold. The design of the machine has been worked out

so that the field uniformity over the one inch square area is adequate for the

deposition of multiple circuits within this area. Control of the deposition is

through a monitor slide for each one inch square area. The monitor slide is

adjacent to the one inch square area, and while the deposition is taking place on

the substrates, it is also taking place on the monitor slide. The monitor slide

is in a position where the electrical resistance value of the pattern being de-

posited can be continuously monitored during the evaporation process. Then it

is a rather simple matter to automatically stop the evaporation by means of a

solenoid actuated shutter and suitable serve) amplifier when the desired monitor

slide resistance has been reached. Referring again to Figure No. 1, the panel

with the digital ohmmeter contains the electronic equipment necessary to actuate

the cutoff shutter when the desired value of monitor slide resistance has been

obtained. The automatic cutoff feature is used for all film materials which are

electrically conductive. The automatic feature frees the operator from having

to be quite as careful in his operation of the machine and raises the yield

considerably. Dielectric films are monitored by watching the interference color

fringes build up as the film is being deposited. A periscope arrangement has
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been built into the evaporator to enable the color fringe monitoring to be easily

done.

Electron bombardment is used in our current machine to evaporate the resistive

film which is a nickel chromium alloy. This electron bombardment consists of

a molten anode drop of the material being evaporated surrounded by the tungsten

cathode. A grid to control space charge is also included. This particular gun is

of our own design and operates at 1500 volts and 300 - 400 milliamperes. The

evaporation is upward, and one problem is that excess evaporated material which

is deposited onto the masks and supporting fixtures sometimes falls back into the

electron beam gun and shorts between the cathode and anode. We are designing

a deflected beam gun into our new coaters so that the electron source is not in the

vapor stream. This should prevent any material falling back into the gun and

causing shorts and production delays while the gun is being cleaned. Deflected

beam guns of the type manufactured by Temescal and Elion are being considered.

In subsequent machines two of these deflected beam guns will be used; one for

the resistive material evaporation and one for the evaporation of dielectric

material. The electron beam sources are particularly well adapted for the con-

tinuous deposition required for a production machine.

Figures 2, 3, 4, 5 and 6 show the types of microcircuitry which can be deposited

by this machine in final encapsulated form. Circuits of this type can now be made

for less cost than conventional electronic systems, and offer substantial potential

increases in reliability and life.
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With production machinery of the type described, the electronics manufacturer

becomes a complete entity in himself and is not as dependent upon the procure-

ment of electronic components. True - he has some add on components to

consider, but the bulk of the circuit components he requires are deposited by

the evaporation equipment in final form and mounted as they will be used in the

equipment for which they are being produced. This is the radical departure in

the industry - the manufacturer making his own components. This is bringing

about the revolution in the industry because a manufacturer now either has this

capability or he hasn't. And currently, and increasingly as time goes on, his

competitive position will depend upon what he can do with microcircuitized

packaging concepts. Manufacturers as a whole are realizing this now, and

resulting upheaval is something of which we are all aware.
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THIN FILM DEPOSITION PRODUCTION FACILITY

By

G. C. Riddle
Microsystems Electronics Department
Lockheed Missiles & Space Company

Sunnyvale, California

ABSTRACT

An electron-bombardment evaporator and associated equip-
ment was developed to facilitate the formation of thin films for
basic studies of thin film properties. The evaporator presents
many advantages:

o Evaporation of refractory materials
o Close control of evaporation rate
o Continuous, sustained, high evaporation rates
o Multiple evaporations under one vacuum

From process control parameters determined during the initial
development, a simultaneous, three-source evaporator, and related
equipment, was built to provide rapid mass production of thin film
electronic circuits. The completely automated system includes:

o A three-station mask-holder

o An efficient integral substrate-changer

o A novel evaporation-rate monitoring system

o A continuous sustained-rate three-source evaporator
o Self-triggered cycle control

With this system the deposition of three different evaporant
materials can be accomplished on the substrate in succession,
rapidly under one vacuum. Application of the system to precision
formation of thin film circuits in the Microsystems Electronics
program is discussed.
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A THIN-FILM DEPOSITION PRODUCTION FACILITY

Introducti2E

Many areas of research and development today are concerned with the pro-

perties of thin films: mechanical, electrical, magnetic, and optical. These

films are formed by several processes: chemical, electro-chemical, vapor de-

position, vacuum evaporation, sputtering, or spraying. One of the important

phases in thin film investigation is the control of the many parameters that

influence the film properties.

Although vacuum evaporation methods and processes have been in use since

the 19301s, it has been only recently that the methods have been sufficiently

improved and the instrumentation developed for precise process control.

Many materials can be deposited in thin film form by vacuum evaporation.

These materials include metals, metal oxides, fluorides, sulfides, and other

crystalline substances such as suicides. The only requisite is that the mate-

rial evaporate or sublime without decomposing at the necessary temperatures

and pressures.

The formation of thin films by vacuum evaporation requires a process that

permits fine control of the many parameters involved. Process parameters that

influence film properties include:

1. Absolute pressure during deodsition.

2. Composition of residual gases.

3. Temperature of substrate during deposition.

L. Cleanliness of substrate surface.

5. Smoothness of substrate surface.

6. Material of evaporant.

7. Material of substrate.

8. Deposition (evaporation) rate.
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9. Deposition time,

10. Post-deposition treatment,

11. Substrate-evaporant compatibility,

12. Temperature of evaporator,

The equipment needed to establish an electron-bombardment-type evapora-

tion facility should have these desirable characteristics:

1. Permit evaporation of refractory materials.

2. Be flexible in specific arrangement to allow for several types
of evaporant.

3. Permit several materials to be evaporated interchangeably
under one vacuum.

4. Prevent contamination of evaporant by crucible or boat.

S. Permit sustained high evaporation rates.

6. Allow close control of evaporation rate.

7. Accurately monitor evaporation or deposition rates.

8. Allow control of substrate environment.

9. Be served by a vacuum system that is capable of maintaining
an ultra high vacuum under evaporation conditions.

The evaporator developed to meet the needs of our research program exhibits

all of these characteristics. In one arrangement multiple layers of different

materials can be evaporated under one vacuum. Evaporation rates are monitored

by a novel evaporation-rate meter, the operation of which is based on the model

of the evaporant stream as an artificial dielectric system.

While this development effort has been conducted to aid us in our basic

research of the properties of thin film materials, an extension of our present

work capability is contemplated based on the findings of the development period.

Actual production facilities are available only on an experimental scale.
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Evaporator Design 

An evaporant source was required that would provide a continuous stream of

evaporant material for a sustained period. An excellent source for this use

was developed using the cold sink type of electron-bombardment evaporator
(1)

which was successfully modified to permit a continuous supply of the evaporant

material. Two arrangements were organized allowing the evaporant to be used in

either wire or granulated form.
(2)

In the wire form, the evaporant was fed through a small hole drilled along

the axis of the cold sink and melted into a ball. The shape of the cold sink

was also modified to that of a truncated cone to provide a minimum of heat loss.

The arrangement is illustrated in Fig. 1 and is shown in Fig. 2 with the cover

plate removed. This post or pedestal type of electron-bombardment evaporator

has proven to be highly successful. Refractory materials such as tungsten,

tantalum, and molybdenum were easily evaporated from this system, with sustained

evaporations of from one to five minutes. It is interesting that these high-

melting-temperature materials can be contained in a molten ball balanced atop

the cooled copper post with little damage to the post and that the ball does not

adhere to the post when allowed to cool.

To facilitate the evaporation of those materials which must be handled in

powder, granular, or chunk form, an uncooled hearth type of evaporant holder

was used. A lazy-susan arrangement was adapted to permit six hearths to be

changed while still under vacuum. The arrangement is illustrated in Fig. 3 and

is shown in Fig. 4. Later a circular groove turntable was adopted in place of

individual hearths to provide a continuous evaporant source. By slowly rotating

the evaporant-filled groove under the bombardment aperture, a high evaporation

rate of crystalline material was sustained for up to seven minutes. The mate-

rials evaporated included chromium, silicon monoxide, magnesium fluoride,
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titanium diboride, zinc sulfide, cadmium sulfide, and zirconium suicide. Cop-

per and gold were evaporated most easily by this arrangement.

Insulating materials such as silicon monoxide and cerium fluoride can be

readily evaporated with the electron-bombardment heater because the insulating

material becomes conducting as it is heated. When current is first applied to

the material a surface charge is developed that causes deflection of the beam

to the edge of the insulator, but as the evaporant boat heats up due to this

deflected current the edge of the insulator becomes conducting and the heat

slowly migrates to the center of the material. Once the heat has been distri-

buted over the surface, the bombardment current can be increased to cause

evaporation of the material.

Advantages of Bombardment Heating

Conventional evaporation methods use either a metal strip with a depression

of some form to contain the molten material, or a coil of wire, each of which

is heated directly by passing an electric current. While this method is the

simplest to use, it has several disadvantages which are overcome by using

electron-bombardment heating.

The ability to contain and evaporate the refractory and the reactive metals

is one advantage. Refractory materials require such high temperatures for eva-

poration that usually the boat itself melts in the attempt. The reactive metals

such as nickel, iron, cobalt, or combinations such as nichrome and karma when

molten readily alloy with and dissolve the more common boat metals. These

materials can be contained in graphite, alumina, or similar type crucibles,

but however, a great amount of heating power is required in the process. In

contrast, these materials can be easily evaporated from the pedestal evaporator

by application of 300 watts of beam power (100 milliamperes at 3000 volts); see

Fig. 5.
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Another advantage is the more even heating that is obtained. When using

a resistance heated boat to evaporate conducting materials such as copper or

gold, extensive overheating of the boat occurs. As the material melts and

flows to fill the boat, it shorts out the current through that portion of the

boat. As a result the heating power is concentrated to the ends of the boat

and evaporation occurs at the boundary between the evaporant liquid and the

clean boat. As the liquid is evaporated, the point of evaporation moves across

the boat in pursuit of the retreating evaporant boundary.

On the other hand, when using electron-bombardment heating, the evaporant

is heated from the top surface at the area of beam contact and evaporation takes

place from the same area. The surrounding melt flows to fill the area and main-

tain evaporation. Since the heating effect is independent of the resistance

of the evaporant, a wide range of materials can be evaporated.

Another advantage is obtained when subliming materials such as chromium(3)

and tellurium are evaporated. The evaporation occurs from the point where the

heat is applied, and for resistance heated boats this point is on the bottom of

the mass where the material makes contact with the hot boat. The sudden expan-

sion of the evaporant tends to blow the remaining material out of the boat.

These effects are absent using electron-bombardment heating; evaporation takes

place from the top surface where the heat is applied, with a saving in time and

material.

One most important advantage is that the pure evaporant material is not

contaminated by the support when using the cooled pedestal as a hearth. The

molten material makes a poor thermal contact with the hearth and does not wet

the hearth surface. Some deposit occurs on the hearth surface from the eva-

poration, but this deposit is not re-evaporated. After several evaporations

this deposit is of sufficient thickness that it can be peeled from the hearth.
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Evaporation Rate Control 

An interesting method of evaporation rate control was discovered while

working with the wire-feed pedestal evaporator. It was found that for 
certain

evaporator arrangements the molten ball stabilizes between one-eighth and on
e-

fourth of an inch in diameter. If a rapid wire feed rate increases the ball

diameter, the evaporation rate increases rapidly; if a slow feed rate permits

the ball to decrease, the evaporation rate decreases sharply. This effect is

considered to be due mainly to a change in the distribution of electron current

between the ball and the post. Different chamber geometries do not exhibit

this property.

This property can be useful in 
controlling the evaporation rate. Holding

all other factors constant (accelerati
on voltage, bombardment current, etc.),

the evaporation rate is dependent upon 
the evaporant-feed rate. An equilibrium

condition will develop between the ball siz
e, evaporation rate, and feed rate.

Since the ball size will hold con
stant at any particular equilibrium condition,

the evaporation rate will be directly proportional to the feed rate.

Another factor must be taken 
into account before the above property is

applied: the included gases and other
 impurities in the evaporant feed wire.

These impurities sometimes cause bub
bling or sputtering of the molten ball as

the wire is fed into it. Any surface being coated from the evaporation stands

a chance of being splashed with a larg
e drop of the evaporant. This effect can

be minimized by feeding the evaporant 
intermittently, during which time the

source is shuttered. The resulting evaporation rate is not constant; it slowly

decreases during the cycle while no 
evaporant is being fed. However, the ave-

rage evaporation rate is still proportional
 to the average feed rate.

Bombardment Evaporator Considerations 

If bombardment power is to be controllable through filament emission



control, then the evaporator must be operated well within the temperature satur-

ation region of the filament emission.(4) When working under this condition

the current is relatively constant during wide changes of evaporator conditions.

On the other hand, if space charge limiting effects are permitted to deve-

lop, the current can be caused to vary widely by changes of conditions about

the anode. Thus the power delivered to the ball will fluctuate widely by the

influence of the evaporant vapor.

To insure that the bombardment process is always operating in the tempera-

ture saturation region) the acceleration voltages must be kept high enough to

preclude space charge effects from developing.

It is easy to qualitatively determine if the bombardment process is tem-

perature or space-charge limited. When operating in the temperature limited

region a small change in filament voltage produces a large change in beam cur-

rent, while a small change in acceleration voltage causes little change in beam

current. However, when operating in the space-charge limited region, the effects

are reversed. There is also a region where both types of current limiting occurs.

This region corresponds to the "knee" of the emission curve as illustrated in

Fig. 6.

Experimental data was taken on he performance of the ball evaporator under

conditions of space charge limiting. Two sets of data were taken where only the

radius of the filament) hence the anode-to-cathode spacing, was changed. The

data are shown plotted on Fig. 7. In one condition evaporation commenced when

the current increased above So milliamperes; in the other condition evaporation

did not occur. The effect of the evaporant vapor on the space-charge limiting

is seen as a deviation from the calculated curve. The calculated curves were

determined from the equation

I = GV
3/2
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which is a general relationship that is applicable for any geometrical arrange-

ment operating under space-charge-limited conditions.

Once the perveance G has been determined experimentally for a particular

geometry, the minimum operating voltage VI can be determined for a given current

by the equation

VI =

Evaporation-Rate Monitoring 

The basic necessity for an accurate evaporation-rate meter becomes appa-

rent in the application of vacuum evaporation techniques to the fabrication of

thin film resistors and capacitor dielectrics. The formation of accurately

valued resistance films requires a process control system several orders of

magnitude better than methods presently employed for the metallizing of films

for capacitor foils. Also, dielectric thicknesses must be determined by some

means before the counter electrode is applied. The deposition rate and the

integral of the rate, the total deposit, is important for determining film

stability, density, porosity, and adherence.

Several forms of secondary rate monitoring have been discussed in the

literature by other research groups,
7
'
8) 

but an improved monitor system

was necessary to permit primary monitoring of the evaporant stream. The eva-

poration-rate monitor that was developed to fill this need presents two advan-

tages: it provides measurement of the total evaporant stream, and it provides

a continuous sensing mechanism that is nondestructive to the sensing element.(9)

The basic function of the system is to measure the density of the evaporant

stream by sensing the change in the dielectric constant between two electrodes

caused by the presence of the evaporant molecules. The basic sensing principle

involves the theory of "artificial dielectrics" where metal or dielectric

spheres distributed in a space provide a relative dielectric constant of that
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space greater than the empty space alone.
(10

This design will operate for any

evaporant material.

There are approximately 10
14 atoms per Angstrom per square centimeter de-

posited in thin film fabrication processes. Deposition rates of 0.1 to 100

Angstroms per second are commonly employed, and this requires flow rates of

10
13 

to 10
16 

atoms per second.

The atoms of the evaporant stream can be considered as small conducting

spheres, and the density of the atoms in the evaporant stream is directly re-

lated to the rateof evaporation of the material. In the evaporation process

the evaporant atoms are released from the liquid surface with a constant net

energy, i.e., constant average velocity; thus, to increase the evaporant flow

rate (evaporation rate) the density of the evaporant stream must increase pro-

portionately.

The sensing mechanism is a pair of electrodes which are placed such that

the evaporant stream passes between them. The electrodes form a capacitor in

one leg of an RF balanced-bridge circuit. The bridge is initially balanced

before evaporation starts by adjusting the capacitance of the alternate leg,

and during evaporation the unbalance of the circuit is due primarily to the

presence of evaporant atoms between the plates of the sensing capacitor. This

unbalance, although small, is amplified, presented on an indicating system,

and used as an input to the process control circuits.

Monitor Design 

The detection chamber consists of a well-shielded, parallel-plate capaci-

tance, constructed to allow the evaporant flow to pass between the two electrodes.

The arrangement is illustrated in Fig. 8. The chamber containing the electrodes

is constructed to prevent capacitance changes due to spacing changes which would

give an erroneous indication on the rate meter. The electrodes are completely
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enclosed with all connections made with coaxial cable. The evaporant stream

passes through a "chimney" aperture in the enclosure on the way to the sub-

strate and thus becomes an artificial dielectric system between the capacitor

electrodes.

The bridge circuit illustrated in Fig. 9 consists of the balanced center-

tapped secondary of a driver transformer and two capacitors, C
1 

and C
2' 

one in

each leg of the secondary. The voltage appearing at the junction between the

capacitors is the signal applied to the amplifier. In the actual circuit three

other capacitors appear: one due to the capacitance of the coaxial cable be-

tween the driver transformer and the detection chamber, one lumped capacitance

introduced to balance the latter and match the phase shift in each leg, and

one due to the capacitance of the coaxial cable between the detection chamber

and the amplifier.

Capacitance C1 is the effective capacitance of the detector chamber in-

cluding the stray effects of the chamber enclosure. The capacitance C2 is a

special vernier capacitor that varies between one and twenty picofarads. With

all shields in place the balanced bridge developed a null of -93db.

The output of the balanced bridge is applied directly to the input of a

high gain RF amplifier. The input is a high Q parallel tuned tank circuit which

serves two purposes (other than selectivity): the inductance acts as a short

circuit to any electron or ion current resulting from the fringe of the evapo-

rant stream impinging on the detector electrode, and the resonance develops a

high impedance by cancelling the input cable capacitance. This high impedance

reduces the load on the bridge allowing more sensitivity at the null. The

output voltage of the bridge is directly proportional to the evaporant density.

A 400 Kc oscillator drives a buffer amplifier which in turn drives the

primary of a transformer, the secondary of which is part of the balanced bridge.
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A three-stage single-tuned RF amplifier provides 90 db of gain for detection

of the signal from the balanced bridge. A 10 db per step attenuator is in-

cluded in the amplifier to provide scale changes. The output of the amplifier

is rectified and the DC voltage is applied to a microammeter for rate indica-

tion. The DC voltage is also available for application to an integrator to

determine total deposit.

Experimental Results 

The balanced bridge has a very high sensitivity to any change of capaci-

tance in the detector chamber. The degree of unbalance for various factors is

as follows:

pencil-sized strip of tissue paper - 10 db

insulated length of #14 wire - 15 db

metallic evaporant stream - 20-60 db

The output of the RF amplifier must develop ten volts for full-scale de-

flection of the rate meter. This corresponds to a 20 db unbalance of the bridge.

The 10 db/step attenuator in the amplifier provides scale changes to accomodate

high evaporation rates.

The rate meter has been used in conjunction with both resistance 
heated

evaporators and electron bombardment heated evaporators. 
Both sources perform

satisfactorily with the rate detector) althou
gh the electron bombardment source

must be carefully designed to reduce the ef
fect of stray electrons and ions

registering on the rate meter.
(11)

Several initial tests were conducted to determin
e the accuracy of response

of the rate meter to the evaporant stream.

First the correlation between indicated rate and amount deposited over a

fixed period of time was checked. A Cahn Electrobalance was employed to weigh

the specimen both before and after deposition.. The Electrobalance has an
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accuracy to within ten micrograms. Evaporations were conducted at a constant

indicated rate for a set period of 10 seconds using copper as the evaporant.

One-inch squares of aluminum foil were used as the substrate to keep total mass

as low as possible and increase the percentage change. The data obtained from

ten tests is presented on the graph of Figure 10.

After the mass-rate test the ability of the rate meter to predict the re-

sistance of a deposited resistor was checked. A resistance pattern was depos-

ited on a substrate and the resistance of the pattern was measured after

deposition, using only the integrated rate to indicate the deposition limit.

Five resistance strips were deposited on each substrate, and five substrates

were deposited in succession while maintaining a continuous evaporation. The

results of this test are presented on the graph of Figure 11. The variation

of resistance from one strip to the other can be attributed to the nonuniformity

of the mask pattern. It is the variation of the same strip from substrate to

substrate that provides the reproducibility indication.

The average resistance of the group was taken as the basis for calculation

of accuracy, and the percentage deviation from the average for each strip is

presented on the graph of Figure 12. The maximum deviation is less than 20

percent, a tolerable amount in some circuit applications.

It is expected that further refinement of the evaporation apparatus with

automatic monitoring control will improve the accuracy.

Thin Film Circuit Deposition 

In the fabrication of evaporated thin film circuits there are only two

process steps where accurate evaporation monitoring and control is really nec-

essary. These steps are during the deposition of resistive elements and during

the deposition of dielectric films for capacitive elements. During the remain-

ing steps of the process, i.e., conducting strips, counter electrodes, etc., a
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rather wide tolerance of deposition conditions is acceptable. A production

process that makes allowance for the required tolerances can maintain a high

production rate with a low reject factor.

Deposition rates for most evaporated films are kept relatively low to

permit monitoring and manual control of the process. A high production rate

can be obtained by using a high evaporation rate. A high evaporation rate may

be employed if accurate automatic monitoring and control equipment is available.

Continuous high rate evaporation is the most economical process in terms

of time and power expended, compared to volume of production, if a high speed

substrate-mask positioning mechanism can be employed.

To meet the requirement for such a thin film deposition facility additional

equipment was developed to work in conjunction with the electron-bombardment

evaporator and evaporation rate meter. These include a substrate changer-

positioner mechanism and a deposition control system. The deposition control

system has been organized to permit a completely automated process control

system.

The basic functions that need to be performed by the substrate manipulator

are:

1. Store a large number of substrates.

2. Deliver individual substrates to deposition chamber.

3. Accurately position each substrate with respect to several masks.

4. Have provision for several mask stations.

5. Perform functions in minimum of space.

6. Perform functions in minimum of time.

7. Maintain proper substrate environment.

To perform these functions a novel mechanism was designed and constructed

for the thin film research program.
(12)
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Changer Design 

The substrate changer mechanism has four operating sections as illustrated

in Figure 13.

1. Substrate storage magazine.

2. Substrate dispenser-positioner.

3. Three-station mask-substrate holder.

4. Deposition control shutters.

The substrates are held in a stack from which they are free to feed by

gravity into the dispenser. The substrates are pre-cleaned before being placed

in the magazine, and a heater arrangement maintains the substrates at an ele-

vated temperature to effect a continuous outgasing of the substrate surface.

The substrate dispenser is a cam operated push rod that ejects the bottom

substrate from the stack in the magazine. The cam is operated at a speed of

one cycle per second, and one cycle of rotation is used intermittently to dis-

pense each substrate. The substrates feed out in succession, the later sub-

strates pushing those preceding.

The substrates are accurately positioned by the travel limit of the

dispenser cam. This limit is adjusted such that the maximum position of the

cam stops the substrates in the same exact position each cycle. This method

permits positioning tolerances to be equivalent to the dimensional tolerance

of the substrates which is t 0.001 inch.

A total of seven substrates are held in the line leading from the dis-

penser. The substrates lie directly on the mask strip to provide high resolu-

tion; and every other substrate is positioned above a mask aperture.

The substrates are positioned by two fixed orthogonal reference edges and

are held tightly to these edges by spring fingers. A strip heater maintains

the substrates at elevated temperatures throughout the deposition process.
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Photographs of this mechanism with the heater section removed are shown in

Figures 14 and 15.

The three-station mask pattern as shown in Figure 16 is accurately dimen-

sioned in one piece on a X10 scale and photo-reduced to insure close tolerances.

The mask itself is photo-etched from 6-mil stainless steel. The three mask sta-

tions can represent different material patterns or an overlay of several patterns

of the same materials for production of difficult patterns such as spiral coils

or circles. As the substrates advance, they move in succession from one mask

station to another, thus permitting several patterns to be deposited in succes-

sion.

Individual shutters are provided beneath each mask position to control the

actual deposition time. These shutters are operated individually by electric

solenoids actuated from the main control panel. The shutters permit individual

deposition control for each mask station. They permit the evaporation process

to be continuous, shuttering the mask opening from the evaporant stream during

the one second required for substrate changing.

Automatic Cycling Process Control 

Many process parameters have been determined during previous work with

thin film materials. Methods of controlling these parameters have been deve-

loped during the design and construction of the equipment needed for the thin

film investigation. A combined, completely automated process control system

can be organized using the basic equipment modules presently availableS
13)

The complete system is represented in block diagram form in Figure 17.

Seventeen blocks are shown, each of which has an important process control

function. The three main blocks indicate the physical grouping of the system

units as shown in Figure 18.
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Over-All System 

The control console contains all of the instrumentation required for de-

position control and substrate changing, along with evaporation rate monitoring

and control. These units are all interconnected to furnish feedback control

of the process.

The process chamber contains all the mechanisms necessary for the perfor-

mance of the evaporation and deposition process. The complete unit is designed"

to perform its function during a single pump-down of the chamber.

The evaporator power unit consists of the high voltage rectifier, filament

power supply, filament emission control servo, and the high voltage metering

circuits. The emission control servo is a closed loop within the power unit.

Control Console 

The functions of the control console units shown in Figure 19 are as

followsi

The substrate changer control provides power to the changer motor. This

control receives a trigger pulse from the deposition control unit at the termi-

nation of deposition. This trigger pulse starts the changer motor which runs

for one complete cycle and then stops. Upon stopping, the changer keys the

deposition control unit which, if set for automatic cycle, restarts the deposi-

tion.

The deposition control unit is the main control unit. It receives infor-

mation from several other units and controls the deposition shutters and

substrate changer. In automatic cycle condition the rate-integrator limit

triggers the termination of deposition, closing the deposition controlling

shutters. This action also starts the changer mechanism and resets the inte-

grator circuit. Upon completion of its cycle the changer mechanism keys the

control unit to reopen the shutters and start the integrator. In manual cycle
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condition these last actions are not performed. Manual override switches can

start or stop any function at any time of the cycle.

The rate monitor is used to stop the deposition if the evaporation rate

falls below a preset value. This function is used to insure reasonable accu-

racy of the rate meter and integrator. This unit also contains a resistance

monitoring circuit as an auxiliary deposition control. The circuit can trigger

the termination of deposition when the value of a monitored resistance being

deposited becomes equal to that of a preset standard resistor.

The rate integrator receives a voltage from the evaporation rate meter

and during the deposition time integrates this voltage to determine total de—

posit. An integration limit circuit can be preset to any fraction of the inte-

grator meter scale and is able to stop deposition at that value. This function

is the basis of the automatic cycle control. The integrator is reset during

the one second required to change substrates, and integration begins when the

shutters are opened again.

The evaporant feed control monitors the evaporation rate and through a

servo amplifier adjuststhe speed of the feed-drive motor to maintain a constant

evaporation rate.

Process Chamber 

The vacuum chamber shown in Figure 20 sits atop g high-speed vacuum-pump

system. The system has a 1500 liter/sec oil
 diffusion pump backing a 15 liter

liquid nitrogen trap baffle. Base pressure of 10
-7 mm Hg can be obtained with-

in five minutes from start of pumpdown.

The evaporator is the electron-bombardment heated type described earlier.

Metal.wire is continuously fed through the center of
 a copper post into a molten

ball the size of which is determined by an equilibrium obtained between the

evaporation rate and the feed rate.
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The evaporant feed mechanism is a capstan-type drive powered by a variable

speed servo motor through a speed reducer mechanism. Speed of the evaporant

wire is continuously variable from zero to one inch per second. This speed

range is sufficient to provide the required evaporation rates. The feed rate

is set by an adjustment on the control panel.

The rate detection chamber contains the sensing capacitance for the

evaporation rate meter. The evaporant stream passes through the chamber on

the way to the substrate.

The deposition shutters control the deposition time. Actuated from the

control console by electrical solenoids, the three shutters control the deposi-

tion through three separate mask positions in the
 substrate holder. The three

mask positions have been provided for the use of a simultaneo
us three source

evaporator.

The substrate manipulator has been described previously. Substrates are

pushed over the three mask positions in succession. The changer motor is pow-

ered from the control console and dispenses the substrates as each deposition

is completed.

Evaporator Power Unit 

The evaporator power unit provides the regulated power for the electron
-

bombardment evaporator. The high voltage rectifier can be manually set from

zero to five kilovolts. The filament power supply can be set either manually

or through an emission-control servo to 
control bombardment current.

The emission control servo is a magnetic amp
lifier system that maintains

the emission current constant. Constant bombardment current provides constant

heating power delivered to the evaporant ball, thus stabilizing the evaporation

rate.
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System Operation

The equipment must be initially set up and adjusted manually. Those

adjustments necessary are integrator limit value, evaporation rate.feed rate,

bombardment current and bombardment voltage. These settings are all done after

the equipment has been assembled, connected, and the vacuum pumped.

The integrator limit is set to provide the correct amount of material that

is required for the particular deposition. The deposition may be a resistance,

a dielectric, or a conductor pattern. The integrator limit is determined by a

calibration chart prepared for the various materials.

The bombardment voltage and current are set before the evaporant feed rate.

The values of these settings have been determined from previous calibration

tests as providing optimum evaporator operation.

The evaporant feed rate is then set to provide an adequate evaporation

rate as indicated on the evaporation rate meter. The feed rate can then be

controlled by the rate meter to maintain the evaporation rate at the desired

value.

Once the evaporation process is in operation the deposition control cir-

cuits, the shutters and substrate changer can be exercised manually for one or

two cycles to check operation. Then the automatic cycle switch is actuated and

the system repeats the deposition cycle continuously.

The deposition control has only two sets of conditions when in automatic

cycle program:

1. Deposition shutters open, changer drive stopped, integration on,
deposition in progress.

When the integration reaches the preset limitp the control circuit is

triggered to the alternate condition.

2. Deposition shutter closed, changer drive running, integration
stopped and reset.
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When the substrate changer has completed its cycle it 
triggers the control

circuit to set up the initial conditions and recommence
 deposition..

The deposition control, therefore, is a self-triggered automa
tic cycle

as opposed to a timer-programmed cycle.

The automatic cycling continues until either the deposition contr
ol is

removed from automatic or the evaporat
ion rate falls below a threshhold value

(as would happen if the evaporant were
 exhausted), and the rate monitor stops

the deposition.

Multiple-Source Evaporator 

As a consequence of the proce
ss control parameters determined in the

development program it is possible 
to construct an evaporator having several

evaporant sources supplied by a 
single high voltage supply. Thus, a design

has been completed for the 
construction of a three-source evaporator to be used

with the substrate dispen
ser-positioner in conjunction with the three-station

mask holders(14) A three-barrelled evaporation rate detection chamber has also

been constructed to be used with 
the three-source evaporator.

The three-source evaporator 
shown in Figure 21 has been constructed for

use with one granular material 
and two wire materials. This arrangement has

been assumed after consideration 
of the various materials to be deposited.

With the consideration that the a
ngle of incidence of the evaporant stream

must be the same at each of the m
ask stations, the system is designed to make

the direction of evaporant stream 
normal to each mask. This condition requires

that the evaporator sources be spaced on
 the same interval as the mask stations

which are spaced by the substrates.

The general arrangement of the evap
orator is illustrated in Figure 22.

The filaments are suspended between two 
copper posts which support the fila—

ment and connect the power. Each filament consists of two parallel strands
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of 5 mil tungsten wire. The filament power for each source will be controlled

separtely with a common acceleration voltage supplied by a high voltage recti-

fier. The evaporator shield is also connected to the high voltage terminal.

The three evaporant materials are fed by separate drive units. The turn-

table evaporator for the granular evaporant is geared to rotate slowly using

the circular groove to hold the evaporant. Separate motor-driven capstans

feed the evaporant wire (to the pedestal evaporators) from spool magazines

into the molten ball atop the pedestal.

This evaporator will permit simultaneous deposition of three patterns,

and in conjunction with the three-station masks and substrate changer, the

patterns can be deposited successively. This simultaneous and successive de-

position will provide a great saving of time and improve the efficiency of

thin film fabrication processes.
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VACUUM EVAPORATION BY ELECTRON BEAM -

SOME ADVANTAGES AND LIMITATIONS IN

THE FORMATION OF THIN FILM MICROCIRCUITS

By

William J. MacDonald
Advanced Development Engineer
Sylvania Electric Products Inc.

Waltham, Massachusetts

ABSTRACT 

The electron gun presents a versatile means of

evaporating a wide range of materials for use in thin film

circuit deposition. Before full use of the gun can be ob-

tained for this purpose, an operating technique must be estab-

lished.

This paper will outline the electron beam technique

being developed by Sylvania's Microelectronics Group. Factors

such as permissible gun environmen
t and changes in the evaporant

pattern as the source material evapo
rates will be discussed.
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"VACUUM EVAPORATION BY ELECTRON BEAMS --

SOME ADVANTAGES AND LIMITATIONS IN THE

FORMATION OF THIN FILM MICROCIRCUITS"

INTRODUCTION 

The electron gun has a definite place in the vacuum deposition of

thin film microcircuits. The purpose of this paper is to describe

some of the advantages and problems that Sylvaniats Microelectronic

Group has encountered while adapting the electron gun to the deposition

of thin film resistor, capacitor, conductor, and insulator films.

In order to establish a frane of reference for the following

discussion, a brief description of the film deposition techniques

employing the electron gun will be given.

FILM DEPOSITION TECHNIQUES

Sylvania has two vacuum film deposition tasks underway in the

Microelectronics Laboratory at the present time. Each employs the

electron gun and each is contributing to our knowledge of the gun's

operating characteristics.

The first technique involves the deposition of dielectric thin

films. We are forming Ti021 Si021 and A1203 films by the electron

beam evaporation of Ti, Si, and Al in elemental form. Figure 1 shows

a schematic of this evaporation technique. As can be seen in this

figure, the electron beam is made to focus on a slug of Ti, Al, or

Si. A calibrated leak is used to inject oxygen into the vacuum system.

The chemical reactions shown, take place so that Ti021 A1203 and SiO2

deposit on the substrate. For example, a thin film capacitor can

be deposited by the electron beam evaporation of titanium. The capacitor

electrodes are made by evaporating titanium at a pressure of 5 x 10-6mm Hg.
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SCHEMATIC OF OXIDE DEPOSITION TECHNIQUE
SUBSTRATE

1 1
IMO x

DEPOSITION
CONTROLLED GAS PHASE REACTIONOXYGEN M+ 02 MOxLEAK 
,E=I =j,02

TYPICAL REACTIONS
Ti+02—Ti 02

(SiOISi+02—Si 02

2AI + 02 Al2 03

ELEMENTALEVAPORANT
(NI)

ELECTRONGUN

VAPORSOURCESLUG

Figure 1 Schematic Diagram of Film Deposition
by Gas Phase Reaction.

Figure 2 Vacuum Deposited Film Capacitor

Containing Titanium Electrodes

and a TiO2 Dielectric Value

2 microfarads.
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The capacitor dielectric (Ti02) is formed by evaporating titanium at

5 x 10
-4 mm Hg pressure.

Figure 2 shows a capacitor made by this technique. It has titanium

electrodes deposited without the gas leak and a TiO2 dielectric deposited

with the gas leak. A titanium dioxide film is a transparent film.

However, it shows the interference colorsthat are typical when white

light is passed throngh a thin transparent film. The capacitor shown

is a two micro-farad capacitor. Its area is one square inch.

Figure 3 shows the vacuum system in which this work is being done.

It shows the electron gun, source material and the line through which

oxygen is injected. The substrate holder and heater are partially

hidden behind the electron gun. They are located beside and behind

the gun's focus coil.

The vacuum system, is an ultra-high system that can readily attain

pressures on the low 10
-8 

mm Hg pressure scale. The electron gun is

a 6 KW unit with a maximum operating voltage of 20KV.

The

concerns

electron

nichrome

second film deposition task now in progress in

electron beam control and film monitoring. We

gun to controllably deposit the well known and

our

are

lauoratories

using the

often evaluated

film resistor. Our goal is to use the gun to deposit nichrome

film resistors to value and within a t2% tolerance. In working toward

this goal, we are learning which film deposition monitors are needed

and we are improving upon and obsoleting an existing film deposition

technioue.

by filament

Figure

We are currently vacuum depositing nichrome film resistors

evaporation in our microelectronics pilot plant facility.

4 pictures the vacuum system in which this correlation and

control work is being done. It shows a second 6KW electron gun, an
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eight position substrate holder with heaters and the nichrome slug

upon which the gun is focused. An externally controllable shutter

which permits film deposition at any one of the eight substrate

positions has been taken out of the vacuum chamber so that the remaining

fixtures could be seen.

We deposit nichrome resistors at eadh position, one after the other

in succession, to determine the reproducibility of the electron beam

evaporation technique. A resistance monitor at each substrate position

is used to control the value of the resistors being deposited. For

experimental simplicity, we are depositing two resistors at each

position simultaneously through a fine line mask. In practice, as

many as ten resistors are deposited through similar masks.

ADVANTAGES AND PROBLEMS OF EVAPORATION BY ELECTRON BEAMS 

A. Control by Powp_E_Ipplt.

The first films that we deposited with the electron gun were

made with a rather idealistic idea in mind. We wanted to determine

how reproducibly nichrome film resistors could be made by simply

controlling the power input to the electron gun. In this work, the

gun was set up and focused before the desired evaporation was started.

Then, the gun was turned on for a predetermined length of time. We

found that we could make as many as five successive evaporations with

reasonable success. Nichrome resistors deposited on a flame polished

glass surface repeated to within lO% of a given value. Unfortunately,

for reasons to be explained below, after every fourth or fifth evaporation,

the resistance values obtained became more and more erratic with some

being off by as much as 200%. In each case the resistance values became

progressively lower.
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Figure 3 Vacuum System Used for Vacuum
Film Deposition and Gas Phase

Reaction.
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Figure 4 Vacuum System and Tooling used
to Make Controlled Nichrome
Resistor Films by Electron Beam
Evaporation.
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Figure 5 Deposition Rate of Nichrome V
Versus Beam Power.
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B. Evaporation Rate Monitor 

These first tests showed that the electron gun was not yielding

a constant evaporation rate. Accordingly, a standard ionization gauge

was inserted into the vacuum chamber to read the rate of evaporation

so that we could take steps to control the rate.

The electron gun had a considerable effect upon the ion gauge.

We found that an electrically shielded gauge reads down scale toward

the high vacuum end when the electron gun is operating. We think that

this is caused by electrons streaming into the gauge and impinging

upon the ion collector thereby reversing the direction of normal current

flow in the collector circuit. The source of these electrons may well

be the vapor source which probably emits secondary electrons in large

quantities.

We have not had time to construct an ion gauge that could handle

the large influx of electrons. However, the problem does not seem tco

difficult to solve. an elecLiron trap similar in structure to the ion

trap used in a television picture tube,should separate the electrons

from the vapor stream so that normal gauge operation can be obtained.

We have resorted to a direct reading resistance monitor to read

the resistance of the nichrome film as it deposits upon a glass micro-

scope slide. These monitors are placed adjacent to each circuit wafer.

The resistance monitor permits us to deposit to a specified resistance

value. It also yields rate of deposition information and knowledge of

the vapor pattern emanating from the electron bombarded vapor source.

C. Beam Effects on the  Vapor Source

A Cylindrical piece of nichrome V is used in our work as the source

of evaporant. This piece of metal is cut from a one inch diameter bar
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in one inch lengths.

The first factor that we had to contend with was the matter of

properly heat sinking this slug of metal. We quickly learned that

it was necessary to water cool the target in order to maintain a

constant diameter molten pool under the electron beam. A water cooling

line hard soldered to the source accomplished the desired heat sinking

effect.

The second factor that we noted was the ionization of the vapor

stream. The vapor atoms collide with the electron beam as they come

off the nichroma slug. As a result, a blue ion cloud forms just above

the molten pool of metal. 4e haven't had an opportunity as yet, to

determine how much of the vapor stream is ionized after it leaves this

ion cloud. However, the rate at which film builds up on the gun parts

which are out of the line-of-sight of the vapor stream indicates that

the degree of vapor ionization is appreciable. These ions deposit on

the gun by following the magnetic and electric fields generated by the

electron gun.

If the vapor stream is highly ionized, as it seems to be, the

electron beam yields ion deposition as opposed to the atomic or molecular

deposition obtained with filament or boat evaporations. This could

make a big difference in the two evaporation techniques. An ionized

evaporant could change the mode of film deposition and growth.

additionally, the depositing ions could build up surface charges on the

non-conducting substrate which would divert or attract later arriving

evaporant.

We have noted one difference in the nichrome film resistors that

we have made with the electron gun that may have something to do with
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the ionization of the evanorant. An attempt has been made to remove

the electron beam deposited film from the glass substrate with a hot

aqua regia etch. The beam deposited films are much more etch resistant

than are similar films deposited by filament evaporation. This difference

indicates a structural or chemical difference between the films. We

believe that the ionized electron beam evaporant may form a much more

dense film than is obtained by filament evaporation which is indicated

by its greater etch resistance. We have not had tire to verify this

idea as yet. However, we present it here to point out the fact that

electron beam deposited film may be structurally very different from

its filament evaporated counter-part because of the state of ionization

during deposition. This is, one idea that we intend to investigate

fully.

A third factor effecting electron beam evaporation is the hole

that the beam creates in the vapor source material by evaporation.

As might be expected, the hole drilling by the beam causes the vapor

pattern to become more directional. Deposition tests using our direct

reading resistance monitor show that the width of the vapor pattern

decreases as the hole grows in the vapor source. We noted this effect

in our evaporation set-up after four or five evaporations. This explains

the results obtained in our initial tests where we used only beam power

and time to control the amount of material evaporated. The loss of film

reproducibility was caused by the hole evaporated in the vapor source.

We will either have to move our vapor source during evaporation, or

design a new vapor source form factor to prevent the effects of hole

drilling in future work.



One additional point can be made concerning the hole drilling caused

by the electron beam. The vapor pattern distorts as it becomes more

directional. On a first evaporation from a smooth surface using just

one resistance monitor, resistor patterns have been simultaneously

deposited at eight substrate positions, which were all equally spaced

from the source slug, with a resistance spread of less than three

percent. This spread in resistance values quickly increased as additional

evaporations were made from the same spot on the surface of the vapor

source. Our tests showed this spread to be in excess of ten percent

by the third evaporation.

Our over-all aim in this work, as stated earlier, is to use 
the

electron gun to make nichrome film resistors to a given value, reproducibl
y

and to within narrow tolerance limits. Vapor pattern distortion must

be eliminated if this aim is to be accomplished. At the present time,

we are using a resistance monitor placed adjacent to the circuit wafer

upon which resistors are being formed, to control the resistor depositions.

By depositing upon each circuit wafer individually, we are able to obtain

a -±2,0 tolerance on our resistors. The speed of the electron beam

evaporation technique makes individual wafer
 deposition feasible.

Monitoring as we do, the problem of vapor pa
ttern distortion is circumvented.

A fourth factor that we have noted in Dur
 electron gun evaluation

work was the film deposition rate versus electr
on beam power.

The curve shown in figure 5 was obtained as follows: The time to

deposit a given resistance value was noted as a function of the beam

power input. We assumed that the resultant films were of uniform thick-

ness and to be 120 Angstroms thick. With these figures, we calculated



the deDosition rate of each film and plotted the result vers
us the beam

power used to deposit the film.

The small schematic sketch in figure 6 shows the evaporation

geometry used to obtain this data. The deposition rates indicated are

only true for this geometry. The beam spot diameter used was 0.125 inches.

At a 1.0 KW power input, the deposition rate was negligible being

much less than one Angstrom per second. At 1.5 KW power input, the deposi-

tion rate increased to 2.6 Angstroms per second. This rate was reproducible

in ten depositions to within 0.3 Angstroms per second.

At a power input of 2.0 KK, the resistor deposition rate rose rapidly

to approximately 11 Angstroms per second. The reproducibility of the

deposition rata at this power level was Door. The spread of rates in

ten tests was 2.2 Angstroms par second.

Higher beam power inputs gave deposition rates too fast to control

manually. However, electronic control of the gun may yield very fast

yet reproducibL: film depositions.

Three conclusions can be drawn from this curve. First, the gun

can provide a very wide range of deposition rates. Secondly, at

moderately fast deposition rates, (2-4 Angstrom units per second of

nichrome) the gun provides d well controlled rate. Auxilliary monitors

are probably not necessary. Thirdly, at beam powers in excess of 2 KW,

nichrome film resistor depositions can be made in a matter of a few

seconds or less. We are now in the process of determining how reproducibly

films can be made at the high deposition rates, having learned that

nichrome resistors deposited at 2 Angstrom units per second can be made

with a t2% accuracy when a resistance monitor is placed adjacent to the
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circuit wafer.

A fifth and last factor has been noted concerning the effects of

the electron bel„m upon the vapor source. Nichrome V is a nickel-chromium

alloy containing 80% nickel and 20,4 chromium. It is well known that

fractional distillation occurs when this alloy evaporates from a filament

or boat. Chromium has a higher vapor pressure than nickel at normal

evaporation temperatures (1600°C). A number of evaporation tricks have

been devised to overcome this problem when filaments and boats are used

to heat the nichrome. We are learning whether the A.ractional distillation

of nichrome occurs when it is evaporated by means of the electron beam.

A spectrochemical analysis has been obtained on the vapor source

slug to see if a chemical change does occur in the metal area melted by

the electron beam. The metal sample tested was taken from the surface

of the melt area to a depth not exceeding 0.002 inches. The analysis

showed that the chromium content in the melt area had not changed.

This result makes sense. The temperature of the melt area is

significantly above the melting temperature of each metal constitutent.

Therefore, the vapor pressure of the nickel and chromium and, thus, the

evaporation rate of each would be quite high. The amount of fractional

distillation,then, would be much less than that which occurs at lower

temperatures. Efforts to obtain a spectrochemical analysis of the film

itself have not yet been successful due to the extreme etch resistance

of the film.

D. Electron Beam Evaporation  at High Chamber Pressures 

As described earlier, we are using the electron gun to deposit

oxide films of titanium, aluminum and silicon. This is accomplished

by vaporizing the element and oxidizing it as it travels to the substrate.

384



The tank pressure used in this work is varied between 10-4 and 10-3mm Hg

depending upon the type of film desired.

The electron gun will operate in this pressure region but not

without difficulty. For example, we have found that approximately

twice as much beam power is needed at 5 x 10-4as is needed at 5 x 104
mm Hg to obtain a molten pool on a titanium vapor source. Ionization

and beam scattering are sufficient to cause the electron beam to become

visible in an oxygen pressure of 5 x 10-4 mm Hg.

A second problem encountered in using the electron gun is the 10-4

mm Hg pressure region is short cathode life. The oxidation mechanism

yielding the oxide films also works on the tungsten filament which is

the gun's cathode. The filament cathode quickly deteriorates in the

oxygen atmosphere.

As might be expected, high voltage breakdown is also a trouble-some

occurance in this pressure region. The system operates like a leaky

electron tube. Because of these difficulties, we are now building a

separately pumped gun chamber that will permit us to hold the pressure

surrounding the gun to below 5

running as high as one micron.

E. Summary 

The electron gun has been found to be a versatile tool for thin

film vacuum evaporation. Problems have been encountered with monitoring

evaporation rates, with vapor pattern distortion and with gun performance

at pressures in the 10-4 ram Hg pressure range. Each of these problems

is being solved. Within a short period of time, electron beam evaporation

should no more be difficult than filament evaporation and we will have

gained the versatility and control provided by this new tool*

X 10-5 while the main tank pressure is
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ELECTRON BEAM JOINING TECHNIQUES FOR ELECTRONIC PACKAGING

By

F. R. Schollhammer
Assistant Project Engineer

J. E. Cyr

Hamilton Standard Division

United Aircraft Corporation

Windsor Locks, Connecticut

ABSTRACT 

This paper describes the progress to date of several

unique and advanced electron beam welding applicatio
ns which can

be used in the construction and packaging of macro and micro
-

miniature circuitry.

The description of the different welding processes in-

cludes a discussion of lap and semi-butt welding and also a m
ore

recent process under development which fuses th
e ends of component

leads directly into respective locations
 of a printed circuit.

The resultant high-strength bonds 
created by any one of these

different methods of electron beam
 welding offer a low-resistance

electrical termination which can also 
serve as a hermetic seal.

Laboratory data relative to strength, vibration, shock a
nd elec-

trical resistance are included. The hermeticity that can be

achieved by electron beam welding is also cited in this 
paper.
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ELECTRON BEAM JOINING TECHNIQUES

FOR ELECTRONIC PACKAGING

INTRODUCTION

America's continuing efforts in space and defense programs are help-

ing the nation's electronic industry sustain the growth that saw it move

past the $10-billion mark in 1961 for the first time; industrial and con-

sumer sales of electronic equipment are also adding to the strength. The

industry's future rate of growth, however, will depend upon military

spending and on how well the industry can meet the demands of the Space

Age for smaller, lighter, and more reliable packaging. Although the

electron beam has been in use since the discovery of the X-ray, the rela-

tively recent introduction of electron beam technology as related to

welding processes has provided the manufacturing breakthrough pr.oducers

of macro- and microminiaturized components have been seeking.

Electron beam welding is accomplished by first producing an electron

space charge, then accelerating the electrons, and focusing the beam on

a workpiece. High energy beams are //ow being produced with power densities

up to 10
10 watts per square inch. With such concentrated energy and

appropriate beam control, pulsing, and deflection devices, the Hamilton-

Zeiss Electron Beam Welding Machine provides a most versatile and flexible

welding tool. The success of this equipment in the electronics industry

depends largely upon the creative design ability of engineers in design-

ing supporting tools and fixtures. A considerable degree of success has

been accomplished in this direction at Hamilton Standard, Division of

United Aircraft Corporation. The electron beam has been used to weld

macro- and microelectronic circuits, sometimes referred to as 3D Cordwood
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and module construction, with considerable success.

The program discussed herein summarizes the electron beam welding

of three different design approaches to the packaging of circuits pre-

sently in use, or in various stages of development. These approaches

can be broadly categorized as:

1. The Cordwood concept.

2. Micro-element welding, or the module concept, as developed by

the Hamilton Standard OMEC (Optimum Miniature Electronic Com-

ponents) program as well as the micro-welding study sponsored

by the Signal Corps.

3. Interconnections for thin film and solid circuits for which

electron beam techniques provide an improved method of fabrica-

tion.

Since other papersl and articles2 have cited the numerous advantages

of welding over soldering, for electronic components this paper is limited

to reporting the progress made with the Hamilton-Zeiss electron beam

welder as a joining tool for constructing the packaging concepts outlined

above.

DESCRIPTION OF EQUIPMENT

The electron beam machine used in these programs is the standard

high-voltage (150 KV) Hamilton-Zeiss machine shown in Figure 1. Some of

1, 
'Microelectronic Joining Techniques by Electron Beam Processes."

Hamilton Standard, Division of United Aircraft Corporation, Windsor Locks,

Connecticut, August 1961.

2"Metallurgical Considerations in Resistance Welding Electronic

Component Leads", Space Technology Laboratories, Inc., Los Angeles 45,

California.
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the earlier laboratory development work was accomplished with a high-

voltage welder de-veloped and manufactured by the Carl Zeiss Foundation

and shown in Figure 2.

A schematic indicating the principle of operation of the Hamilton-

Zeiss electron gun and electron optics is shown in Figure 3. The electron

beam emitted by the electron gun is directed through the anode and then

into the axis of the magnetic focusing lens. The lens focuses the beam

onto the workpiece. Alignment of the welding to be made can be observed

through a 20X or 4ox microscope with built-in illumination. Below the

magnetic lens is a system of magnetic coils which can deflect the beam

over the workpiece as desired by the operator. The welding chamber

contains a movable table which can be operated from the outside and on

which one or more workpieces can be placed.

CORDWOOD PACKAGING DESIGN

The following description of the Cordwood concept, which involves

the use of an end-welding technique or "rivet" welding, also includes

a discussion of packaging modification designated as Tier construction.

BASIC CORDWOOD CONCEPT

Description of Packaging Concepts and Materials - End-Weld Process

The techniques discussed herein for component termination has been

designated as the end-weld or "rivet" process. In this process the

component leads are fed through holes in a metalized substrate with the

leads trimmed close to the substrate as shown in Figure 4. To form the

welded joint, the electron beam is impinged axially upon the end of the

lead. This causes the lead to melt and join to the metalized surface,

thus forming a rivet-like cap over the feed-through hole.

Since the beam is controlled so as not to impinge on the substrate

390



Fig. 4 Cordwood Assembly
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surface, there is no danger of damage to this surface. Interconnections

can be 'made to the opposite side of the substrate by utilizing plated

circuits interconnected with the feed-through hole. As no protrusions

of leads or terminal pins are required, the small size of the welded cap

permits a very compact arrangment of printed circuit interconnections.

With the captive-type configuration created by the rivet-like weld

nugget, it is possible to retain the subheaders with the component leads.

This eliminates the need for additional mechanical support.

Welding Methods and Fixturing

The Hamilton Standard electron beam 
machine can be actuated manually

or automatically at a preselected beam repetition 
rate to weld component

leads. With the exception of a few welds, the macro and micro welds were

produced automatically every four seconds. This time period was sufficient

to permit the operator to manually orient the weld joint in line with the

electron beam. For most cases, the workpiece required movements of 0.100

inch or less between welds. For locations which required preinspection

through the optical viewing system prior to welding, the beam pulse rate

was switched from automatic to manual operation. However, it should be

apparent that an automated system for beam and/or positional control

would provide an extremely rapid operation, thus making the proce
ss not

only feasible, but very attractive for automa
ted welding of electronic

devices.

One method utilized by Hamilton Standard for automating the beam

consists of a Flying Spot Scanning system that permits indexing and weld-

ing of multiple module assemblies (Figure 5). The Hamilton Standard

equipment incorporates provisions for deflecting the beam over a distance

of approximately 1- 0.3 inches in the "X-Y" plane; thus twenty-five welds

can be produced in approximately one second with a pulse width of 15
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milliseconds and a beam relocation time of 25 milliseconds. The method

described also permits loading of assemblies in ambient, then processing

them in a vacuum. Tape controlled operation is also entirely feasible

and adaptable to the Hamilton equipment.

The exclusive optical viewing system of the Hamilton-Zeiss welder

permits the operator to monitor the complete welding operation at all

times through a 4ox microscope. The operator can also manually position

the workpiece to within 0.0005 inch of true position. The precise optics

of the machine permit the beam to be positioned within 0.0002 inch of

true position. In order to provide a uniform temperature distribution

for each micro weld, the beam was deflected over the plane of the work-

piece. This was accomplished by superimposing an a-c deflection on the

d-c system. The a-c deflection control employs signal generators to

drive the beam in the "X-Y" plane so that a sinusoidal, or other desired

pattern, can be traced directly over the surface areas to be welded.

(Reference Figure 28.)

Typical fixtures and devices used in the welding of Cordwood com-

ponents are shown in Figures 6 and 7.

For the majority of the welds, the knife edge fixture shown in

Figure 6 was sufficient. In some cases the use of polyethylene tape was

the only fixturing required to weld components to their respective wafer

assemblies. For example, transparent tape proved to be a very successful

method for retaining minute leads to the top of the header pins. The

result is illustrated in Figure 8. These welds were accomplished by

pulsing the beam through the tape and welding the copper leads to the

top of the steel header pins. A micrograph of the resulting weld revealed

no sign of contamination from the tape itself. The reason for this

becomes obvious when one considers that the tape consists of 1 mil of
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Fig. .6 Knife Edge Fixture

Fig. 7 Micromanipulator for Welding Microcomponents
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Mylar, which evaporates immediately in the area impinged upon when sub-

jected to the high power density electron beam

Although the end-weld concept is applicable to most materials) the

tests conducted at Hamilton Standard utilized copper and nickel leads.

Other metals which can be welded in a similar manner include gold, silver,

platinum, and steel. Numerous alloys of the above metals have also been

welded by electron beam processes.

Although the lead wire cross section does not have a major effect

on the end-weld process, round wires 
were found to be more suitable for

this application. This is because the shape of the beam is circular and

a more even distribution of heat ca
n be obtained. When using a rectangular

lead, an essentially even heat flow 
can be attained by deflecting the

beam in a pattern similar to the 
cross section of the rectangular lead,

This is accomplisheC by using 
beam deflection parameters similar to those

shown in Figure 9. It was found desirable to limit the length-to-width

ratio of a rectangular ribbon wire 
cross section to a maximum of 3:1.

Ratios of 5:1 have been succe
ssfully welded, but, with the larger deflec-

tion required, a homogeneous heat 
pattern was more difficult to achieve.

For small round wires, 0.03
2-inch diameter and under, a single

undeflected beam pulse is suff
icient. On larger wires, a circular deflec-

tion of approximately one-half the 
wire diameter produced the most effec-

tive results. The maximum wire size welded 
to date is approximately a

0.062-inch diameter copper wire. This wire was welded to 3 mils of nickel

which was metalized to a 0.060-inch ceram
ic board. Stranded or braided

wires can also be end-welded and are trea
ted much the same as round wires.

The resultant cap is identical to that of 
round wire.
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Problems and Solutions

A number of substrate materials, metalizing processes, and plating

metals have been investigated. The ideal metalizing process is one that

exhibits the best adhesion to the substrate and that retains this adhesion

when subjected to high welding temperatures. It may be readily deduced

that as the lead wire melts and flows onto the plating, the plated surface

rapidly assumes the temperature of the molten lead metal. If the metal-

izing is thin, 0.001 inch or less, and exhibits a high thermal conductivity,

then the high weld temperatures will be rapidly transmitted to the inner

surface of the metalizing. This could rupture the bond between the

metalizing and the substrate material. However, this problem can be

overcome by increasing the plating thickness, minimizing the weld schedule,

or by selecting a plating material with lower thermal conductivity. If

the mass of the lead wire is not great (0.015-inch diameter or less) in

relation to the metal thickness (0.001 inch or more), then the residual

heat of the molten metal lead is not sufficient to damage the metalized

substrate surface.

To provide an acceptable end or "rivet" weld, the length of the lead

wire extending beyond the surface of the substrate depends largely upon

the amount of metal required to form the rivet cap. If the lead wire

extension varied excessively from weld to weld, different energy settings

would be required. Changes in energy setting could be compensated for by

adjusting the energy to the minimum lead requirements and then providing

an additional beam pulse when maximum lead lengths are encountered. This

procedure was employed for prototype modules where, with manual operation,

the operator could observe the discrepancies and correct the operation as

mentioned.

For automated conditions, however, this process is not acceptable.
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Further laboratory tests were made to determine an optimum fead protrusiDn

length. It was found that an extension length of 1 1/2 to 3 wire diameters

was sufficient to form a good cap that required no energy change. When

a hermetic seal was required, laboratory experience indicated that it was

best to keep the extension length close to the maximum limit.

In order to determine the allowable tolerances between the hole

and equivalent wire diameter, tests were conducted in 25-mil alumina

substrates having 0.025-inch diameter holes.
 Lead wires varying from

0.018 to 0.023-inch diameter were 
successfully welded. This represented

an area of up to 2:1 (ratio of hole
 wire cross-section area). A wide

tolerance of wire-to-hole diameter 
permits easy assembly techniques;

these in turn facilitate manu
facturing of jigs and fixtures for production

processes.

The end or "rivet" weld 
technique also provides an additional unique

welding advantage by providing a he
rmetic seal. Figure 10 illustrates a

circular metalized alumina wafer 
to which 0.025-inch diameter copper wires

have been end-welded through 0
.032-inch diameter holes. When checked with

a helium leak detector, leakage 
rates through the welded junctions showed

less than 3 X 10-4 micron cubic feet per hour, or an equivalent 0.09 c
ubic

centimeters per year. Since the detector will not register leakage rates

lower than the above value, it can 
be assumed that leakage is primarily a

function of the out-gasing rate of 
the material itself.

Results

Electron beam welding techniques are idea
lly suited for high density

electronic packaging. The small, high strength, low resistance welded joint

produced offers a near perfect termination technique that approaches the

strength of the original materials. Since excessive force and high currents
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are not applied to the leads during welding, the risk of component damage

is essentially eliminated.

Another advantage of welding by electron beam is a high termination

density that permits components to be stacked or log-piled. The package

is assembled by inserting the component lead through its respective cir-

cuit hole and welding the component directly to the lower substrate sur-

face. Since the welding process is so short (5-100 milliseconds), there

is little heat effect outside the weld zone. Electron beam welding has

been successfully conducted within 0.025 inch of the component itself.

The packaging density for macro-and microminiaturization is, therefore,

limited only by area required for the printed circuit interconnections

and heat dissipation of the assembly.

In order to evaluate the strength of the welds produced for the

Cordwood module, the specimen was vibration tested on an MB-2 shake

table. The Cordwood module, as shown in Figure 10, was used. A broad

band of random vibration was chosen to determine whether the electrical

characteristics of the welds would change. The unit was tested by

cycling (see Figure 11) at excitation' frequencies from 50 to 2000 to 50

cycles per second, and at a constant acceleration level of 30gts in a

15-minute cycle. Upon completion of the, test, component continuity and

constant circuit characteristics were evident. Visual inspection of the

welds revealed no evidence of structural failure.

To evaluate the strength of the completed joints, welds similar

to those shown for the module of Figure 10 were tension tested. This is

illustrated schematically in Figure 12. Values of approximately 2300

grams were achieved for 0.018-inch copper wires (Reference Table II,

Appendix A). In all cases, failure of the interconnection occurred

within the substrate or wire structure
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itself and not at the joint.

Metallographic methods were utilized to determine the microstructures

and type of bond attainable by electron be
am welding of the Cordwood

concepts. Since electron beam welding produced rapid melting and solid-

ification of the material, a microstructure of small and essentially

equiaxed grains is produced in the weld nugget as compared to the columnar-

type grains produced by standard welding procedures. Some typical electron

beam welds produced during the Cordwood investigations are shown in

Figures 13 through 14. In addition to providing a strong mechanical bond,

it is evident that a clearly defined alloy zone can also
 be found between

the interface of the nickel, Kovar and copper wires. The absence of a

heat-affected zone around the weld joint lends this proc
ess to Cordwood

construction.

Figure 15 illustrates an electron beam weld between the steel

cover and the header of the relay module shown in Figure 16. The weld

zone is visible and penetrates well into the base metal. It is also

interesting to note that this type of weld produced a hermeticity of

0.03 cubic centimeter per year without damaging the glass feedthrough

interconnections.

Further mechanical and statistical evaluations of similar weld

processes are described in Reference 3. ,

3„
Microelectronic Joining Techniques by Electron Beam Processes" •

Hamilton Standard, Division of United Aircraft Corporation, Windsor Locks,

Connecticut, August 1961.



Etchant: 3 HNO
3
, 2CH3COOH

Etchant: 3 HNO3, 2CH3COOH, 10H20

Fig. 13 Kovar to Nickel - End Weld
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ALLOYED AREA

Etchant: 5 NH4OH, 5H20, 2H202

Fig. 14 Copper to Nickel - End Weld



TIER CONSTRUCTION (Modification of Cordwood)

The following description of the Tier concept can be considered a

modification of Cordwood construction. A discussion of these modifications

and fabrication methods follows:

Description of Packaging Concepts and Materials

A variation of the Cordwood concept is the Tier concept as

illustrated in Figure 17. As with the end-weld technique, metalized sub-

strates were used for component terminati
on. As indicated in Figure 18,

the components were arranged in a p
redetermined configuration so that

they extended approximately to the 
substrate rails or supporting strips.

The leads were then welded to 
these rails by deflecting the beam over the

end of the leads.

Welding Methods

Direct contact of the lead to
 the metalized- surface is necessary

when welding wires under 0.015
-inch diameter. For larger size wires, it

is desirable that contact be 
made between the wire and plated surface.

However, a gap of two or three 
mils can be tolerated since the material

flows to the metalized surface 
during the welding pulse increment.

Problems and Solutions

When the metalized plating wa
s less than 0.001 inch, the beam de-

flection was restricted to the 
diameter or width of the lead wire thus

limiting the heat penetration and p
ossible damage to the bond between the

metalizing and substrate. For this application, closer tolerance of weld

energy and beam deflection area was required.



Fig. 15 Steel to Steel Micrograph Illustrating

Hermetic Steel Header

AA

0.375 IN.

Fig. 16 Electron Beam Welded Relay Module
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Results

Interconnections within each subassembly can be made by conventio
nal

methods, such as plated-through holes or by insulated micro jump
er wires

welded to pads. In the assembly concept illustrated (Figure 18), the

tiers were nested and retained by ext
ernal means. The tiers can either

be stacked in a cavity and ret
ained by mechanical means or _wrapped with

tape and inserted into a conta
iner. External connections for this illus-

tration can be made with insul
ated copper wire welded to pads on the

substrate, although it is feasib
le to use the riser wire concept illus-

trated in Figure 26 and descri
bed in a following section. It is worth

noting that the selection of 
substrate material, metalizing, and plating

was more critical for the Ti
er concept than for the end-welding concept

HAMILTON STANDARD MICROMINIATURE (OMEC) PROGRAM

Description of Packaging Con
cepts and Materials

The application of elect
ron beam welding at Hamilton Standard to

microminiaturization, designated a
s the OMEC program, is illustrated by

the 8-bit digital adder shown 
in Figure 19. The adder consists of 20

aluminum oxide wafers to which 
220 components have been welded. A typical

wafer is shown in Figure 20. The total number of welds, including the

mother board, the individual 
components on the wafers, and the construction

and fabrication of the mother board
 assembly to the header, consisted of

1200 welds. In addition, the module cover 
itself was welded to the base

header assembly. After welding the cover to the
 base plate, a vacuum or

package hermeticity of 0.27 cubic 
centimeters per year leakage was achieved.
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Welding Methods and Fixturing

The OMEC assembly shown in Figure 19 consisted of seven different

circuits: inverter, flip-flop, and/or gate two cr gate, clock amplifier,

twoand gate, and multivfbrator. The wafer used in the construction of

this module consisted of (1/2-inch by 3/4 inch) 96 percent pure alumina

oxide wafers. The circuits were produced by silk-screening techniques.

A 0.5 to 0.8-mil moly-manganese coating was fired into the alumina over

which nickel was electroplated to a thickness of approximately two mils.

Standard transistor and micro-components obtained from PSI, King, and IRC

were welded to the metalized circuits, Figure 20. The various materials

that were used in the construction of this module, as well as the leas

geometry of the components, and the required welding energy are referenced

in Table I of Appendix A.

The fixturing required for the fabrication of OMEC packages were

similar to that required for Cordwood. In those cases where the use of

tape or simple knife edges was not practical, components were held in

place by the micro-manipulator shown in Figure 7. Simple in its operation,

this device was utilized for welding miniature three-mil transistor leads

in all OMEC wafer circuits.

Results

In welding this package by electron beam techniques, the process

not only indicated that micro leads could be welded to a metalized cir-

cuit and that a vacuum joint could be achieved, but also that micro welds

along a coverheader assembly can be accomplished without damage to the

glass hermetic seals. An illustration indicating the success of electron

beam welding of a micro lead to a steel-glass hermetic pin can be seen

in the center illustration of Figure 8.
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Fig. 19 OMEC 8 Bit Adder Assembly

Fig. 20 Typical OMEC Wafer-Inverter



To further illustrate the capability of electron beam welding for

module constructions, Figure 21 shows the technique used in constructing

and fabricating wafer assemblies to a mother board. Each copper pin, or

interconnection from the wafer assembly, was inserted into the mother

board and extended approximately 0.010 inch above the plated surface.

The leads were welded to the mother board circuit in a manner similar to

that used for cordwood fabrication (i.e., directing the electron beam

axially upon the end of the copper wire). By melting the copper wire and

fusing the material directly to the nickel surface on the mother board, a

strong low-resistance connection was accomplished. This process could

also provide a hermetic seal, if so required. Laboratory experience has

indicated no detrimental effect to the wafer assembly whether alumina

oxide, glass, or Photoceram is utilized.

Figure 22 illustrates 2 x 10 mil copper ribbon welded to 1 mil

copper plated epoxy substrate. As evident in the micrograph, fusion

occurred only between the copper ribbon and plated material and did not

damage the epoxy material. This again illustrates the fine control of

machine adjustments that can be maintained during welding with the

Hamilton-Zeiss equipment.

Figure 23 illustrates the feasibility of microminiature electron

beam welding solder-coated copper leads to nickel-plated surfaces. These

0.010-inch diameter leads were welded in the same manner as the Kovar and

copper leads which were welded for the OMEC and Cordwood programs. The

weld strength obtained from these solder-coated leads compared favorably

to the copper or gold-plated Kovar leads. During the welding process, the

solder-coated material alloyed with the copper and nickel material, thus

providing a strong bond to the wafer assembly itself.
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Fig. 21 OMEC End-Weld (Motherboard) Assembly

Etchant: 51120, 211202 (30%), 5NH4OH

Fig. 22 Copper to Copper Micrograph



Figure 24 demonstrates the welding of solder-coated copper to a

circular steel hoop. Here it was necessary to hermetically seal the copper

disc insert to the steel ring. Laboratory tests indicated that a helmeti-

city of 0.17 cubic centimeters per year was achieved.

Figure 16 shows a relay module assembly successfully welded and

tested to a hermeticity of 0.03 cubic centimeters per year. The materials

used in its construction consisted of a cold-rolled low alloy steel header

assembly welded to a stainless steel cover. The low alloy steel was flashed

with gold prior to welding. As evident from Figure 15, no distortion

occurred and a minimum amount of gold flashing was evaporated. The heat-

affected zone did not extend beyond 0.020 inch of the weld itself as

evidenced by a microscopic examination of the finished product.

Figure 25 shows a one-mil platinum wire welded to a 25-mil copper

terminal. In the design of this fuse circuit, it was extremely important

to provide a junction which contained a low resistance value within

specified limits. Measurements of the joint resistance indicated an

essentially zero resistance value (< 1 milliohm).

As is evident from the micrograph, fusion between the platinum and

copper was complete. The copper-platinum interface area is actually

larger in cross-section than the platinum wire. It is also interesting

to note that for most welding processes welding of 1-mil platinum to 25-

mil copper terminals would be most difficult, since the copper terminal

provides a "heat sink"; that causes the terminal end of the platinum wire

to ball up rather than to alloy to the copper material itself.



Fig. 23 Solder Coated 0.0.10-in Copper Leads Welded to

0.200-in. Nickel Plate
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Fig. 24 Hermetic Seal Copper Disc Welded

to Steel Hoop



SIGNAL CORPS MICROMINIATURE PROGRAM

Description of Packaging Concepts and Materials

The objective of the Signal Corps development program was to

establish welded electrical connections having a termination density

orders of magnitudes greater than that obtained with solder joints.

The tests completed dealt with the investigation of welding 2 x 10 mil

copper ribbons to metallized ceramic wafers. The study was primarily

concerned with demonstrating the feasibility and reliability of electron

beam welding conductor ribbons to wafers. This initial program was so

successful that an enlargement of the program has been authorized by

the Signal Corps and is now, in process.

The extended program is concerned with welding conductor ribbons

to multiple ceramic wafers. A termination density of 1600 welds per

square inch must be demonstrated. As shown in Figure 26, this has been

accomplished in part by welding 20 ribbon wires located on 25-mil centers

to 10 wafers (.030 inches thick) located on 50-mil centers thus forming

an initial termination density of 800 welds per square inch. The connec-

tions shown for these modules were produced on AL203 wafers to which 1

mil of nickel was electroplated over .0005 - .0008 inches of moly-maganese.

Welding Methods and Fixturing

To achieve the 1600 terminations per square inch, .010 inch thick

alumina wafers will be used and located on 25-mil centers. Copper wire

spaced on 25-mil centers will then be welded to the metallized wafers

forming the required termination density. Prior to completing this phase,

interconnections will be completed on all four surfaces of the module

cube producing a total of 800 connections for a wafer module assembly
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of approximately 0.60 x 0.60 x 0.25-inches.

The fixture concept used for the welding of these modules is a

spring hold-down design shown in Figure 27. As indicated, the wafers can

be readily installed by supporting them in a 3 point contact mode. The

wires are kept in contact with the wafers by using the spring method of

fixturing. This concept has demonstrated that the wires merely have to

contact the wafer surfaces for electron beam welding. Since the welding

is accomplished in 15 milliseconds, the minimum heat input essentially

eliminates all warpage or distortion.

Problems and Solutions

All of the welds in this program required an effective weld nugget

size of approximately 2 x 10-5 square inches. To accomplish this, the

beam was deflected 10 mils at a frequency of approximately 250 cycles

per second along the "Y" axis, which is perpendicular to the axis of the

conductor ribbon. The resulting nugget which produced an average area

of 15 x 10-5 square inches can be seen in Figure 28. Micrographs showed

the alloying to be uniform throughout the interface of the weld structure.

The welds completed during this program required a pulse width or beam on-

time of 15 milliseconds.

For microminiature welding applications other than the Signal Corps,

such as gold plated nickel, platinum -to-nickel, and Kovar, the pulse width

had to be adjusted within an operating range of approximately 2-100

milliseconds. The accelerating voltage and beam current were also

decreased (ref. Table I Appendix A).

Results

Results to date show that the weld resistance of these junctions is
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less than 10 milliohms and that the strength of the weld nugget of the

2 x 10 mil copper ribbons is 280 grams or greater. The weld reliability

being demonstrated by the Signal Corps contract is a minimum pull

strength value of 220 grams in 100 thousand welds, and a weld resistance

no greater than 1 milliohms in 100,000 welds.

Results of metallurgical evaluation tests can be seen in Figure 29,

where a copper ribbon of 2 x 10 mil cross section was welded to a nickel

plated aluminum wafer. A small defined alloyed zone is evident on the

copper side of the interface. The thin dark line seen at the nickel-

copper interface is a result of different reaction rates encountered

during etching. This interfacial area is anodic to the nickel and thus

etches faster. The resulting "valley" appears dark when observed micro-

scopically, due principally to shadow effects.4

INTERCONNECTIONS FOR THIN FILMS AND SOLID CIRCUITS

As the state of the art for thin film and solid state fabrication

advances, the problem of providing reliable interconnections from the

film circuits becomes a more challenging problem. Laboratory tests

completed to date indicate that the electron beam may provide the only

satisfactory answer for fabricating a junction from the thin film to the

respective carrying circuit.

The majority of the fixturing used in the fabrication of thin film

interconnections is similar to the manipulator in Figure 8. This fixturing

4
Kehl, George L., The Principle of Metallographic Laboratory

Practices.



Fig. 25 Platinum to Copper Micrograph
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Fig. 27 Multiple Wafer Fixture - Signal Corps

Fig. 28 Electron Beam Weld Nugget Area 0.002-in. x
0.010-in. Copper Interconnector Welded to
Nickel on Alumina
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consisted primarily of a microfinger
 through which the beam could be

directly pulsed. In most cases the finger consisted of beryllium 
copper,

which also served as a satisfa
ctory "heat sink".

Some of the typical interconnec
tion welds that have been made are

shown in Figures 3) through 
35. Figure 30 illustrates gold and Kovar

tabs of one mil thickness w
elded onto copper plate electroplated with a

gold deposition. The gold was vapor-deposited on quartz wafers. The

thickness of the deposition 
and copper plate was approximately 500 and

30,000 Angstroms, respecti
vely. Figure 31 indicates Kovar and gold leads

of 0.5 mil thickness welded 
to 0.0002 inches of nickel plated on 3,000

Angstroms of chromium de
posited on quartz. Figure 32 illustrates 0.0005-

inch gold tabs welded d
irectly to 2,500 Angstroms of gold deposited on

quartz substrate. Electrical continuity for each of the interconnectio
ns

was demonstrated. The resistance value measured was less than 0.5 m
illiohms

for all cases. The resulting strength of the bond is illustrated
 in

Figure 32 which shows that 
portions of the weld nugget were still re-

tained on the thin film and 
quartz surfaces after the lead was pulled off.

Microscopic examination o
f some of the lead junctions indicated that

some of the leads were occa
sionally welded to the quartz substrate, rather

than to the film itself. However, even in these cases, electrica
l con-

tinuity was demonstrated. This was in all probability t
he result of sur-

face wetting, and the dispersing 
of material over the thin film during

solidification. It should also be noted 
that the heat affected zone around

the respective wafer lead junctions 
was less than 0.005 inch. Inasmuch as

this process demonstrates the feasibility
 of precision micro-welding, it

lends itself to providing interconnections 
to solid state or thin film

processes, since the remaining portion of 
the circuits are not subject
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Fig. 29 Copper (0.002-in. x 0.010-in.)
To Nickel (0.002-in.) Micrograph
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Fig. 30 Gold and Kovar Leads Welded to Copper Plate with
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Fig. 31 Gold and Kovar Leads Welded

To 0.0002-in. Nickel

Fig. 32 Gold Tabs Welded to Gold Deposition
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to heat damage. As an example, Figure 33 illustrates a 5 mil gold plated

phosphor bronze lead that was flattened to one mil at its extremity before

being electron beam welded to a copper film of 33,000 Angstroms. The

copper film was deposited over 100 Angstroms of chromium on single

crystal quartz substrate. Bronze leads of 0.5-mil thickness have also

been welded to a 100 Angstrom thin film of cobalt deposited on glass.

Further work in the area of bonding leads to thin film is presently

being investigated by depositing the thin film on the bottom side of the

lead, as well as on the substrate. Here the lead is placed in contact

with the thin film, then pulse-welded at very low energies. The pulse

widths and welding duration are approximately 4.0 and 264 microseconds,

respectively. The junction provided between the lead and the substrate

in this case is actually a brazed joint, rather than a weld of the lead

to the thin film.

The electron beam can also be used to weld miniature covers on

solid state circuits; see Figure 34. This photograph illustrates a

typical receptacle (Kovar) for a flip-flop solid state circuit to which

a 0.003-inch thick Kovar cover was welded. The advantage of eleCtron

beam welding in this case is the production of a hermetic seal without

damage to the internal solid state circuitry. A simulated functional

block welded to a multi-layer board is shown in Figure 35.



CERAMIC

METALLIZED

SURFACE

Fig. 33 Phosphor Bronze Lead Welded to
Copper Film

Fig. 3)1 Cover Welded to Solid State Receptacle
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SUMMARY AND CONCLUSIONS

1. The microwelds investigated in the Signal Corps, Hamilton

Standard OMEC, and Cordwood programs indicate that electron beam welding

of miniature and micro miniature components with Hamilton-Zeiss high

power density equipment is feasible and practical.

2. Mechanical and metallurgical properties of the investigated

weldments were excellent. The data collected clearly indicate that

microwelds provide a high degree of structural reliability necessary for

micro-electronic or macro-electronic packaging.

3. The high packaging density attainable with electron beam weld-

ing makes this process highly applicable to thin film and solid state

circuitry.

4. With the precise electron optics of the Hamilton-Zeiss electron

beam welder, the beam spot size (heat-affected zone) can be accurately

controlled. The use of this equipment, therefore, is ideally suited for

welding heat sensitive microminiaturized components.

5. In addition to providing acceptable macro and micro welds, the

electron beam can also be used to provide hermetic seals. This ability

to produce a hermetic seal, a low resistance joint, and a high strength

weld with one welding process, is a major technological advance for the

micro-electronic industry.

6. As a result of these successful programs, Hamilton Standard has

developed and will shortly market a combination micro-welding and cutting

machine. This machine will permit the electronics industry to utilize

more fully the new and advanced fabrication techniques described herein

and in addition cut and drill precision miniature configurations into

most metals and ceramics.
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Fig. 35 Simulated Functional Block Welded

to Multi-Layer Board
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Appendix A

Table I

Typical Electron Beam Weld Energy Inputs
Pulse Width

KV Ma (MS)

Miniature Components 

0.0321! Dia. Copper

0.025" Dia. Copper
(tin coated)

0.020" Dia.

0.018" Dia.

0.016" Dia.

0.012" Dia.

Kovar

Kovar

Kovar

Kovar

0.015" Dia. Copper
(tin coated)

0.010" Dia. Copper
(tin coated)

0.011" x 0.032" Ni to 0.025"
Dia. Gold Plated Dumet

0.011" x 0.032n Ni Ribbon to
Motorola 2N 174 Copper
Mesh

0.011" x 0.032" Ni to .016"
Dia. Gold Plated Kovar

80 0.5 loo

65 0.5 loo

go 0.15 loo

85 0.5 20

80 0.5 20

65 0.5 23

70 0.5 20

60 0.5 20

go o

125 0.20

125 0.16

0.011" x 0.032" Ni to 0.025"
Dia. Solder Coated Copper 125 0.16

Microminiature Components 

0.001" x 0.020" Kovar
(with 0.001" gold plate)

0.003" x 0.030" Copper

0.0010 x 0.019” Kovar
(with gold flash)

0.002" x 0.010" Copper

90 0.10

10

10

10

10

15.0

Watt
Secs.

4.0

3.25

1.35

0.85

0.80

0.75

0.70

0.63

0.36

0.25

0.20

0.20

0.135
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Table I (Continued)

' Typical Electron Beam Weld Energy Inputs
Pulse Width Watt

KV Ma (MS) Secs.

Microminiature Components

0.001" Dia. Nickel

(with 0.001 Gold Plate) 'TO 0.07 2 0.01

0.001" Platinum Wire to

0.025" Dia. Copper 125 0.18 5 0.11

0.001" x 0.030" Chrome

Nickel 
60 0.15 10 0.9

Interconnections for Thin 

Films, etc.

-5
0.001" Phosphor Bronze Lead 

60 0.01 0.3 18 x 10 

to 100 Angstrom Cobalt Film

-4
0.0003" Kovar Ribbon 

65 0.07 0.5 23 x 10

0.0005" Au Tabs to
0. .3 1D6D 001 18 x -5

2500 A Gold Film 

-4
0.001" Kovar Lead to 

63 0.03 1.0 18 x 1D

.0005" Ni on Cr Film

0.001" Kovar Lead to 0.0005"
10-4

Ni on Au Film 
60 0.03 1.0 18 x

0.001" Gold Lead to

Al film 
63 0.0103 18 x io-5

0.001" Gold Lead to

Au Film 
60 0.01 0.3 18 x 10-5



APPENDIX A

TABLE II

END-WELD TENSION TEST TABULATION

No. FORCE (LBS.) REASON FOR FAILURE 

1 4.7 No failure, pin vice slipped

2 3-9 Metalizing separated from

ceramic

3 4.8 Metalizing failed

4 6.1 Ceramic Fractured

5 6.8 No failure, pin vice slipped

6 5.3 Metalizing failed

7 5.9 Ceramic fractured

8 4.2 Ceramic fractured

9 4.5 Metalizing failed
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ABSTRACT

It is generally admitted that sintered aluminum, with

different oxide contents, is difficult to weld and that it must be

avoided to pass through the liquid state in the assembling tech-

niques in order to save the interesting properties of the material.

Due to its higher energy concentration than in other

welding methods, the use of electron beam welding for this task

has been investigated. This presentation discusses this work in

which C.E.N. and B. Precis guns were used.
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ELECTRON BEAM WELDING OF SINTERED ALUMINIUM

A. INTRODUCTION

1. Sintered aluminium products (SAPx or Frittoxalxx in

Europe, APMxxx in the U.S.A.
) offer interesting possibilities

for use as structural and c
anning materials in organic-cooled

or organic-cooled and 
moderated reactor systems. Their high

temperature strength, high 
thermal conductivity, low neutron

absorption and excellent 
corrosion resistance in organic

coolants make them at
tractive for operation at temperatures

up to 450°C.

The improved elevate
d temperature strength is due to

the dispersion 
strengthening effect of submicroscopic particles

of aluminum oxide 
(A1203) in a matrix of aluminum. The

strengthening effect is 
retained at elevated temperatures

owing to the insol
ubility and high melting point of the dis-

persed phase, which 
blocks the movement of dislocations in

the structure and opp
oses recrystallisation.

2. The manufacturing 
process of sintered aluminum products

has been reviewed in some
 recent papers (3, 4, 5, 11).

SAPx - Protected trade name
 - A.I.A.G.V., Neuhausen, Switzerland

x 
Frittoxalx 

_ Protected trade name - Trefileries et Laminoirs

du Havre (TLH) Paris, France

A.p.m.xxx _ Protected trade name - Alcoa, U.S.A.
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It is generally admitted that sintered aluminum with

different oxide contents is difficult to weld and that it

must be prevented from passing through the liquid state when

assembling, in order to maintain the dispersed structure and

the favorable properties of the material.

Various welding techniques have been described in the

literature (flash-, spot-, pressure- and ultrasonic welding).

Electron beam welding has been used in our laboratory. This

technique has high energy concentration in comparison to

other welding methods, and experience with such equipment

existed at C.E.N. (9).

4. This research, done under Euratom contracts, has been

conducted with close collaboration between the C.E.N. team

and Euratom personnel of the Metallurgy and Ceramics Service

at Saluggia, Italy.

B. ELECTRON BEAM WELDING WITH C.E.N. GUN 

1. DescriEtion of the eauldpment.,

Preliminary tests were made using equipment built at

our laboratory which had been used to weld other types of

materials, such Al, Cu, Ni, stainless steel, Mo, Nb, Ti,

and Zr. (9).

This equipment is shown in fig. 1. A sketch of the

electron gun is presented in fig. 2. The cathode has a hair-

pin form and the electrons are electrostatically focused. The
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Fig. 1. Equipment used at .the C.E.N.

laboratory for welding.

"m"m7PrInn"Prrmr

Fig.3. Photograph of the electron gun. Fig.4. Undegassed S.A.P. after electron
beam welding - Otto Fuchs
material. X25
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gun is shown in fig. 2. The specimen to be welded forms the

anode.

2. Ex2eriments with undegassed material. 

2.1. Material used: manufactured by Otto Fuchs,

Germany (licence AIAG Switzerland). SAP 865 (13% oxide)

Tube 13/15 mm.

2.2. Welding experiments.

The high gas content (up to about 4o m1/100g) (6)

caused two phenomena which limited the possibilities of weld-

ing by electron beam bombardment:

a) ionization (it leads to switch-off of the

power supply),

b) metallic projections.

The weld bead has a dark outlook and shows many pits.

The micrographic examination shows that the dispersed struc-

ture of SAP is no longer present. The aluminum contains

many inclusions and porosity (see fig. 4).

3. Experiments with degassed material. 

3.1. The degassing conditions were obtained by

systematic tests conducted at 5000, 6000, and 625°C. Analysis

of hydrogen in the gas was not possible. Degassing of Otto

Fuchs' material was considered sufficient when no blistering

or porosity occurred upon welding the SAP in the electron

beam. This result was obtained by heating at 625°c for 24
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hours under a vacuum of lx10-4mm Hg (heating and cooling rates:

100°C/hour).

3.2. The welding conditions were: 25kV, 20-25 mA, 1.5

turn/20sec.

3.3. It has been possible to weld SAP by electron beam

without formation of internal porosit
y and without complete

transformation of the structure, as shown on fig. 5. The

welds were leak-tight when test
ed using a helium leak-detect-

or. The weld penetration is only 
0.4 mm in a 1 mm thin can

due to insufficient thermal 
concentration of the gun used.

C. ELECTRON BEAM WELDING WITH A GUN MANUFACTURED BY

"B. PRECIS"x IN FRANCE. 

1. The test combined two n
ew factors:

a) A new gun was put at our disposal by Euratom

(J. Briola). This electron gun is a PIERCE type gun of 3kW,

in which the electrons are 
focused by a concentric electric

field that is generated by 
the concentric arrangement of a

spherical anode in a sphe
rical cathode (13, 14, 15).

With this arrangement, the 
work piece is not the anode.

This gun with added magnetic 
focalisation, permits a higher

x Firme "Precis B. 8, Boulevard Menilmontant, Paris 20e, France
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welded end. A thermocoax type heating element is placed

inside the tube, close to the weld. The section of tube

between the two enclosures is water cooled to protect the

seals. The temperature of the seals is always measured 3 mm

from the weld, by a thermocouple pressed against the tube

by means of a small spring.

3.2. Test procedure.

a) Evacuate the second enclosure to 10-3 mm Hg

b) Pressurize the tube to 2u kg/cm2 (value given

by Euratom staff).

c) Heat the welded end of the tube at a constant

rate, 12°C/minute until the leak detector indicates a break

in the weld or in the tube.

4. Results 

Two types of end plugs have been used: type A and

type B (see fig. 9).

4.1. lye  A end-plua. 

A series of tests has shown that with precise mechan-

ical positioning, it is possible to weld S.A.P. 960, 950,

and 895 end plugs to tubes. The failure of the sealed tubes

will occur at the side of the tube and not at the weld for

short-term rupture tests at temperature. Temperatures

reached are, on the average, 500°C, with 0 kg/cm2 internal

pressure. The metallograph of different SAP materials in
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TYPE a TYPE b

Fig.9. Sketch of the end-plugs - type a

and b.

Fig.11. Type a - welding of S.A.P. 930
undegassed. X25

Fig.10. Type a - welding of S.A.P.
960 Montecatini. X25

Fig.12. Type a - welding S.A.P. 930

440 degassed. X25



degassed and undegassed conditions is shown in fig. 10, 11,

12, 13 and 14.

It must be noted that SAP 930 and 895 have still to

be degassed at 625°C for 24 hours or more, to avoid any

blistering or porosity in the structure, mainly in the end-

plug.

4.2. Ty.End-L-plua:

Preliminary results indicate some improvement over

the type A end-plug. (fig 15 and 16). The combination of

pressure and lower temperatures appears to provide stronger

joints.

5. Work under progress. 

The procedure used will include a technique as

described in reference 15, p. 51:

.the successful procedure will involve sealing in a plug

at the end of the tube followed by welding around the exposed

bond line. The former should provide strength and the latter

might ensure leaktightness." The report added: "This sol-

ution of the problem does not seem to have been selected at

this time by any of the organizations in this field". In fact,

it was selected!

D. CONCLUSIONS 

1. Successful closure of S.A.P. tubes using an electron-

beam welding technique has been possible for SAP 960, 930,
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Fig.13. Type a - welding of S.A.P. 895 

undegassed. X25

Fig.14. Type a - welding of S.A.P.
895 degassed. X25

Fig.15. Type b - welding of S.A.P. 930 Fig.16. Type b - weldin
Montecatini.Montecatini. X25

of S.A.P. 930
X25
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and 895. High-temperature testing under pressure has been

used to verify the quality of the welds.

2. Combination of pressure and welding should lead to

high-quality closures equal to or superior to other types

of welds because of the very high, localized heating.

3. Electron beam welding can be systematically used as

a quality test for gas content of the material.
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ELECTRON BEAM WELDING OF SINTERED ALUMINIUM
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ABSTRACT

Preliminary tensile data for electron beam welds in
PH15-7Mo stainless steel and titanium alloy 6A1-4V were obtained.
It is possible to achieve nearly 1007 of heat treated parent metal
strength from welds made after heat treatment. Welds were made with
depth-to-width ratios as high as 25 to 1. In addition, the amount
of transverse weld shrinkage is less than .002 of an inch.

The precise control of the electron beam process makes it
possible to join thick to thin material with practically no distor-
tion in the thin member. The electron beam process also allows the
joining of complex configurations without regard to minor variations
in beam focal length. A sine wave web member was fillet welded to
brazed honeycomb cap sections by laying the assembly on its side and
allowing the beam to traverse the joint; following the hills and
valleys of the seam. In addition, four butt welds in .030 inch thick
stainless steel sheets have been made simultaneously from one side.
These sheets were stacked on top of each other and were separated by
a distance of one inch between each sheet.

Various types of sandwich structures, such as corrugated
and egg crate, have been electron beam welded.
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ELECTRON BEAM WELDING OF AEROSPACE STRUCTURES

In designing and building the X-15 rocket research vehicle and

the XB-70 shown in Figure 1, 
North American Aviation is leading the way

in Mach 3+ technology. Because of the high skin temperatures due to

air friction at speeds above Mach 
2.5, conventional materials and struc-

tures are no longer adequate. 
Weight, always an important factor in

the aircraft industry, becomes 
even more critical as the design speed

of the vehicle is increased. 
Thus new manufacturing and fabrication

techniques that offer potential 
reductions in weight must be developed

and exploited. We feel the electron beam welding process offers this

potential.

Consequently, in mid-1960, the Los Angeles Division purchased

two 150,000 volt electron bea
m welding machines. These machines, shown

in Figure 2, are presently 
installed in the Research and Development

Laboratory, however, very 
shortly they will be moved tc our Palmdale

facility where they will be 
used for making the final close-out welds

on the wines to fuselage joints 
of the XB-70. I'll discuss this in more

detail later.

Although most of our work has
 been on materhls for the XB-70, at

last count we had electron beam 
welded over 50 different materials and

material combinations, see Fi
gure 3.

Some of the remarkable tensile 
properties achieved in PH15-7140

stainless steel by the electron be
am process are illustrated in Figure 4.

Butt welds were made in .030 to .250 
inches thick panels, heat treated

to 200,000 psi before welding. No filler wire was added. The weld
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beads were machined flush with the parent metal before tensile testing

at room temperature. There are two probable reasons for the apparent

increase in strength exhibited by the thicker material. First, the weld

and heat affect zone is extremely narrow and deformation of this partially

annealed band is mechanically restrained by the unaffected parent metal.

Second, since the width of an electron beam weld is practically the same

for all thicknesses of material, the unaffected parent metal acts to an

even greater degree as a restraint for the heavier gages than for the

thinner.

We have made welds in material with a weld depth to width ratio

as high as 25 to 1. Figure 5 illustrates the ratios obtained on the

tensile specimens previously discussed. As in the preceding Figure a

corresponding curve for tungsten-arc welds is shown also. The widths

of the heat affected zones (including the welds) for various thicknesses

of electron beam and tungsten-arc welded PH15-7Mo are shown in Figure 6.

Here the widths are expressed as a function of the sheet thickness.

Notice that for electron beam butt welds in .250 inch material the width

of the heat affected zone is only 1/4 t or .080 inches wide. And, of

course, since only a narrow band of material is heated and melted in the

electron beam process, the amount of transverse weld shrinkage is

extremely small. Figure 7 compares the amount of shrinkage for electron

beam and tungsten-arc welds. It is interesting to note that for electron

beam welds the amount of shrinkage is practically independent of sheet

thickness.

Preliminary tensile data for electron beam welds in 6A1-4V titan-

ium alloy showed 100 percent joint efficiency for welds in both the

451



W
I
D
T
H
 O
F
 W
E
L
D
 P
L
U
S
 H
E
A
T
-
A
F
F
E
C
T
E
D
 Z
O
N
E

P
H
1
5
-
7
M
o

T
U
N
G
S
T
E
N
 A
R
C

•
 
L
E
C
T
R
O
N
 B
E
A
M

0
.
 0
3
0
 

0.
 0
6
0

O.
 1
2
5

T
H
I
C
K
N
E
S
S
 (
t)

0.
 2
5
0

O.
 0
2
0

O.
 0
1
5

0
.
0
1
0

0.
 0
0
5

T
R
A
N
S
V
E
R
S
E
 W
E
L
D
 S
H
R
I
N
K
A
G
E

P
H
1
5
-
7
M
o

0

-
-
-
-
-

T
U
N
G
S
T
E
N
 A
R
C

•
 E
L
E
C
T
R
O
N
 B
E
A
M

0
.
0
3
0
 

0
.
0
6
0

0
.
1
2
5
 

0.
 2
 0

T
H
I
C
K
N
E
S
S

L
o
s
 A
n
g
e
l
e
s
 D
iv
is
io
n 
-
 N
o
r
t
h
 A
m
e
r
i
c
a
n
 A
vi
at
io
n,
 I
nc

F
i
g
u
r
e
 
6
.
 
W
i
d
t
h
 
o
f
 
H
e
a
t
 
A
f
f
e
c
t
e
d
 
Z
o
n
e
 
-
 
P
H
1
5
-
7
M
o
 
F
i
g
u
r
e
 
7
.
 
T
r
a
n
s
v
e
r
s
e
 
W
e
l
d
 
S
h
r
i
n
k
a
g
e
 
-
 
P
H
1
5
-
7
M
o

.
0
0
6

.
0
3
0

L
o
s
 A
n
g
e
l
e
s
 D
i
v
i
s
i
o
n
 -
 N
o
r
t
h
 A
m
e
r
i
c
a
n
 A
vi
at
io
n,
 I
nc

F
i
g
u
r
e
 
8
.
 
T
h
i
c
k
 
t
o
 
T
h
i
n
 
C
o
m
b
i
n
a
t
i
o
n
.

E
S
 
W
E
L
D
S

F
i
g
u
r
e
 
9
.
 
S
t
a
t
o
r
 
C
o
r
e
 
L
a
m
i
n
a
t
e
s
.



as-welded and the heat treated condition. Although the shrinkage values

for titanium welds were the same as those for P1115-7Mo, the depth to

width ratios were less and the widths of the heat affected zones were

slightly greater than those for PH15-7Mo.

The precise control of the energy of the electron beam makes it

possible to join materials of radically different thicknesses. We have

butt welded .006 foil to .080 sheet with no distortion in the foil

member. A cross section of this joint is shown in Figure 8. The beam

was directed at the top side of the joint and required only 4o watts of

power to weld the pieces together. Welding from the bottom side resulted

in an extremely large weld since the full .080 inch thickness was melted.

In addition, it required 10 times more power to do it.

Figure 9 shows one type of the several small production parts

now being electron beam welded for the XB-70. This part consists of

silicon-iron laminates stacked together to make up the stator core

assembly for electrical actuator motors. Conventional welding techniques

for holding the laminates together at high rpm were unsuccessful. The

uneven and inconsistent weld penetration and width resulted in non-

uniform magnetic paths. The electron beam process allows the penetration

to be controlled to within .001 to .002 inches and results in small

uniform welds that do not adversely affect the magnetic properties of

the core.

The electron beam process also allows the iloining of complex

configurations and neglects minor variations in beam focal length.

Figure 10 illustrates a so-called sine wave web attachment to honeycomb

panels. The usual method for joining this type of configuration is to
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weld the cap section to the sine wave web from the opposite side of the

cap. This method, referred to as blind-tee welding, requires critical

tracking devices to trace the sine wave pattern. However, if the part

is laid on its side, you no longer see a sine wave joint but a straight

line that varies up and down in the vertical plane. The part shown in

the figure was electron beam welded in just this manner. The beam was

focused at about the midpoint of the sine wave height and then allowed

to traverse the joint. No further adjustment was made as the beam moved

up and down the hills and valleys of the seam. After welding, the honey-

comb core was cut away and revealed no damage to the brazing alloy on

the underneath side of the face sheet due to welding.

The electron beam welding process is capable of producing energy

densities greater than 25 megawatts per square inch. Figure 11 shows

a type of sandwich panel consisting of a sine wave web with flat sheets

electron beam welded to it at the nodes. The part was then cut longi-

tudinally down the center and subsequently rewelded by the electron beam.

The beam welded not only both flat sheets simultaneously from one side,

but also the sine wave member, following the contours of the web.

Figure 12 further demonstrates the tremendous power concentration of the

electron beam and the depth of field that is available with this process.

Sine wave webs were electron beam welded to honeycomb panels in the

manner described previously. Two of these specimens were then butted

together with the sine wave members in the vertical plane. The electron

beam was directed at the top of the upper honeycomb panel. The beam

penetrated the top and bottom face sheets of the top panel and the top

and bottom face sheets of the bottom panel making all four butt welds
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Los Angeles Division - North American Aviation, Inc

Figure 10. Sine Wave Specimen

Figure 12. Simultaneous Four
Weld Specimen

Figure 11. Simultaneous Three

Weld Specimen

Figure 13. View Through Microscope -

40X
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simultaneously from one side. An interesting phenomenon was observed

with the aid of a 4o power steromicroscope during this welding operation

and is shown in Figure 13. The electron beam vaporized a small hole

through the center of the molten weld metal allowing the beam to penetrate

to the next joint. The hole was filled in again by the molten material

as the beam moved along the joint. Figure 14 is a time exposure of this

welding operation. Notice the interesting lines caused by the spatter

of minute particles of molten metal.

A corrugated sandwich structure of columbium alloy FS-82, shown

In Figure 15, has been electron beam welded. This structure consisted

of .030 inch face sheets and corrugated core. The beam can be controlled

to give either full penetration through both the face sheet and the core

or through just the face sheet and into the core.

Another sandwich structure that has been welded is shown in

Figure 16. This particular structure is made of 6A1-4V titanium alloy.

The core consists of .020 inch thick by 1 inch high pieces slotted and

fitted together much like the cardboard separators in an old fashioned

egg crate. The .040 inch face sheets were electron beam welded to the

core using the blind-tee technique. We have also made this type of

structure in a molybdenum alloy.

Magnesium has been successfully electron beam welded also. The

part, shown in Figure 17, is an AZ31B magnesium alloy float mechanism

and consisted of butt welding a circular plug in a hollow ring. Supris-

ingly enough, there was no unusual amount of volitilization of molten

metal. Magnesium is generally considered hard to weld by the electron

beam process because of its high vapor pressure.
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Figure 14. Time Exposure of
Simultaneous Weld.

Figure 16. Titanium Egg Crate
Sandwich.

Figure 15. Columbium Corrugated
Sandwich.

//NCH

Figure 17. Magnesium Float
As 
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Cursory studies have also been made of the weldability of various

ceramic materials. Figure 18 shows four ceramic materials that have been

successfully joined by the electron beam process. These samples were

welded merely to st.. if it could be done. No physical tests were planned

or intended at this stage.

Just recently, in the Research Laboratory, we have installed a

10 foot vacuum chamber for use with the electron beam process. The

inside dimensions of this chamber, shown in Figure 19, are 3 x 3 1/2 x

10 feet. It is capable of welding parts as large of 1 1/2 feet high

by 3 feet wide by 5 feet long. The time required to pump the chamber

to 1 x 10-4 torr is approximately 6 1/2 minutes. It has a 300 cfm

roughing pump and a 10 inch diffusion pump rated at 1400 liters per

second. A periscope has been installed for remote viewing of the work.

The interior of the chamber, Figure 20, shows the x-y table for moving the

parts to be welded under the beam. The table speed is variable from

0 to 70 inches per minute.

We believe that no one type of system can adequately do every

job. Therefore, we are investigating the feasibility of using low

voltage equipment for some of our applications. At the present time

we are evaluating in the laboratory a 30 Kv unit manufactured in South-

ern California. This system is shown in Figure 21. One advantage of

this type of equipment is its small size. To date the results appear

very encouraging.

North American Aviation has developed a method whereby electron

beam welding can be used for fabricating parts too large to fit into

standard vacuum chambers. A small, portable, half-shell type clamp-on
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Figure 19. Exterior View of Ten Foot 
Vacuum Chamber.

Figure 18. Welded Ceramic Materials.

Figure 20. Interior View of Ten Foot
Vacuum Chamber.
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Figure 21. Law Voltage Electron,
seam Welding Equip-



I

nOEI
410 41.

Figure 22. Prototype Portable Vacuum

Chamber.

Figure 24. Electron Beam
Fillet Weld.

Figure 23. Tee Attachments 
to Honeycomb Panel.

Figure 26. Photomacrograph of Simulated
Wing to Fuselage Weld.
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chamber is fitted over the part to be welded and the cavity is evacuated.

In this manner the work piece acts as the bottom half of the chamber.

The first laboratory prototype chamber, which was developed for attach-

ing tee members to brazed honeycomb panels, is shown in Figure 22. The

electron gun is mounted on a lid that slides along the top of the chamber.

At the completion of the weld the vacuum is released and the chamber is

moved to a new position, evacuated again, and the weld is continued.

Figure 23 shows a honeycomb panel to which two tee members have been

attached by electron beam fillet welding using the portable chamber.

This panel, longer than the chamber, required the repositioning of the

chamber at least once along each weld. Figure 24 illustrates the type

of fillet weld possible with the electron beam process. ThY sample,

welded from one side in the standard vacuum chamber, shows the shallow-

ness of the heat penetration in the face sheet possible with this process.

North American Aviation has enough confidence in the feasibility

of the portable chamber concept, that in order to reduce weld shrink-

age and distortion, we are going to use the electron beam process for

making the final closeout weld on the wing to fuselage joint of the

XB-70. A sketch of the cross section of this joint is shown in Figure 25.

The bottom face sheet will bt. tungsten-arc welded by the keyhole method.

A tee shaped filler strip will be placed in the gap, a portable chamber

clamped over the joint, and the area will be evacuated. Electron beam

welds will be made on each side of the filler strip on both upper and

lower oute: mold line surfaces. A macrosection of this type of weld is

shown in Figure 26.
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In summary, the electron beam welding process is rapidly moving

out of the laboratory stage into production. There are many applications

where it offers tremendous advantages over conventional welding techniques

and some areas where it is the only process that will do the job. How-

ever, electron beam welding is not a cure-all. Many times designers,

carried away with the uniqueness of the method, demand electron beam

welding where more conventional joining processes would do just as well.
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ELECTRON BEAM WELDING OF ALUMINUM,
BERYLLIUM, AND ALUMINA

By

H. A. Hokanson
Assistant Project Engineer

W. I. Kern
Metallurgical Engineer

S. L. Rogers

Development Installation Engineer
Electron Beam Department

Hamilton Standard Division

United Aircraft Corporation

Windsor Locks, Connecticut

ABSTRACT

Results of a program directed at electron beam welding

of high-strength aluminum alloys, of pure beryllium, and of

alumina to itself and to metals are reported in detail.

Welding was conducted with a 3 KW high-voltage, high-
power density alectron beam welding machine. The range of machine

parameters utilized in the aluminum welding program were:

accelerating voltage to 150,000 volts, beam current to 20 milli-

amperes, and travel speeds to 120 inches per minute. Additionally,

various beam oscillation and pulsing conditions were employed.

Alloys welded were 7075 and 6061 aluminum, 85%, 967w and

99.57 alumina, and commercially available beryllium. Initial

investigations were concentrated on the development of optimum

welding techniques for each material. For the aluminum, particular

emphasis was placed on (1) inducing wettability by destruction of

the oxide coating in the weld bead area and (2) reduction of fusion-

induced annealing or overaging by minimizing energy input through

the use of minimal beam diameter and maximum possible welding speeds.

For the alumina welding both to itself and to metals, primary empha-

sis was placed on eliminating cracking by the use of controlled pre

and post-heating. The major emphasis in the beryllium welding was

placed on producing welds of maximum strength and ductility by

minimizing energy input to the fusion zone.

464



ELECTRON BEAM WELDING OF ALUMINA, ALUMINUM, AND BERYLLIUM

INTRODUCTION

This paper reports recent results of work being conducted on

the electron beam welding of three materials - alumina, aluminum, and

beryllium - at Hamilton Standard Division of United Aircraft Corpora-

tion. The welding programs from which the data were taken are still

in progress; therefore the reported information will be supplemented,

and perhaps modified, by future results. Since the alumina, aluminum,

and beryllium programs were conducted as completely independent pro-

grams, the details of each investigation are discussed in separate

sections.

EQUIPMENT 

Except for provisions for preheating during the alumina welding,

the welding equipment was essentially the same for all three of the

investigations. The equipment, Figure 1, was a Hamilton-Zeiss high-

power-density electron beam welding machine rated at three kilowatts,

with accelerating potentials to 150,000 volts negative and beam cur-

rents to 20 milliamperes. Beam spot size can be controlled by

electromagnetic focusing to a diameter of less than 0.010 inch. The

principles of formation, acceleration, and focusing of electron beams

are well known. However, to provide a thorough understanding of the

techniques used - in the welding programs, features of the equipment

which were of particular importance in performing the welding are

discussed below.
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A schematic of the electron gun is illustrated in Figure 2.

The electrons are formed and accelerated and the initial focus is de-

termined by the triode-type electron gun in the upper portion of the

schematic. The triode gun design permits regulation of the beam cur-

rent independent of the accelerating potential. Thus beam current

can be continuously varied from zero to 20 milliamperes at any ac-

celerating potential. The grid also permits pulsing of the beam by

the cyclic variation of grid voltage.

Weld location is precisely controlled by the use of optics

designed so that the workpiece is viewed coaxially with the electron

beam at magnifications of 20 or 4o power. The optics not only permit

exact location of the beam impact point but also permit viewing of

the joint during welding. This is of particular value in studying

the phenomena occurring at the time of the actual formation of the

weld.

Another feature of the electron gun which was used extensively

during the welding programs is the electromagnetic beam deflection

system. Excitation of deflection coils with an a-c electrical

signal induces beam deflection at corresponding frequencies
 and

wave shapes to a maximum amplitude of + 0.25
 inch. The deflection

system supplies the capability of inc
reasing the equivalent beam

diameter with a wide variety of a-c sign
al patterns and thereby

provides wide control of heat distribution 
to the workpiece. An-

other important use of the deflection coils is the programming of the

beam about a circle by excitation of the coils with two 60-cps sine

waves 90 degrees out of phase. By simple potentiometer adjustment,
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Figure 3: Fixture for Electron Beam Preheating of A1203
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•

the diameter of the circle can be infinitely varied up to approximately

0.5 inch.

ALUMINA WELDING

Background 

Ceramic materials are being used extensively by the electronics

industry in the construction of power electron tubes, microwave win-

dows and similar components. The advantages of ceramics in these

applications include high dielectric strength and superior elevated

temperature properties. These advantages have not been fully realized

because of difficulties in joining separate ceramic sections in
to

structurally sound, vacuum-tight components. Current metallized and

brazed joints present problems of matching thermal expansion. Further,

brazed joints exhibit lowered arcover thresholds and reduced useful

service temperatures. Also, the joints are subject to electrode

capacitance effects which limit electrical performance.

Electron beam welding is one of the few methods available for

direct fusion welding of ceramics. Actual welding of ceramics is at-

tractive for it will minimize many of the difficulties associated

with brazing. Gas or plasma torches can fuse certain ceramics; how-

ever these methods lack the precise controllabili
ty and cleanliness

available with electron beam techniques. Because of these consid-

erations, a program was initiated to develop and evaluate electron

beam welding procedures for the joining of ceramic materials,

including alumina, quartz, and magnesia, to themselves and to metals.

Preliminary information from the alumina phase of the welding program
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is reported in this portion of the paper.

Experimental Procedure

Alumina materials studied in this program include 85% and 96%

grades and Lucaloxli an extremely high-purity aluminum oxide. Resid-

uals contained in the 85% and 96% aluminas were calcium and magnes-

ium oxides and glassy-phase materials. The alumina materials were

in the form of wafers in thicknesses of 0.010 inch, 0.025 inch and

0.030 inch.

Welding techniques were established by an investigation of the

effects of welding conditions on weld characteristics. Welding para-

meters investigated included accelerating voltage (55 to 130 KV), beam

current (0.05 to 3.0 ma), welding speed (5 to 30 ipm), longitudinal

and transverse beam oscillation (0 to + 0.050 inch at 60 cps to

500 cps), and preheating (ambient to 3300 F).

The study of the relationships between welding parameters and

weld-zone characteristics was supported by several evaluation tech-

niques. Determination of cracking was based on dye-penetrant inspec-

tion and on visual examination at high magnifications. Relative

joint strength was determined by flexural bend testing. Hermeticity

of the joints was confirmed by helium leak checking. By far the most

useful tool in studying the welding process was the optics system of

the welding machine, which permitted close examination of the actual

welding process. This was extremely useful in studying the origin

and propagation of cracks.

A requirement for preheating and controlled cooling was immediately
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apparent from very early results. Without preheating, welds invariably

showed evidence of cracking. Therefore, two preheating techniques were

devised--electron beam heating and resistance heating.

The fixture used for preheating with the electron beam is shown in

Figure 3. Specimens for edge welding are sandwiched between the tungsten

blocks and held in place by the metal slab. Preheating is accomplished

by impinging the beam on the tungsten blocks. Beam power is increased

until the desired temperature is reached. Then the beam is adjusted to

the required conditions and the weld is made. Although welding results

were encouraging using beam preheating, inadequate heating and cooling

control prevented the achievement of reproducible results. A particular

problem was the delay time involved in changing from preheating condi-

tions to welding conditions.

Resistance preheating techniques yielded much more precise control.

Excellent results were obtained with the small furnace illustrated in

Figure 4. The heating element is a tungsten filament wound on a zirconia

coil form. Multiple heat shields of tantalum and molybdenum surround

and cover the unit except for a small opening at the top to allow optical

viewing and welding. 'Weld specimens are supported on a tungsten platform

inside the coil form. Maximum temperature attainable with the furnace

is 3300F. Direct-current electrical power is used to reduce field

effects on the electron beam.

Results and Discussion

A representative edge weld produced in the program is illustrat-
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ed in Figure 5; a typical butt weld is shown in Figure 6. For both

types of welds, the results of the investigation to date indicate

that the major factors controlling weld quality are accelerating

voltage, beam current, welding speed, preheating temperature, and

cooling rate after welding.

For a given beam power at a given welding speed, relatively high-

voltage (90 KV), low current (2 ma) beams gave the most satisfactory

welds. This appeared to be the case for welds produced both with

and without transverse beam oscillation. As beam currents were

increased (to 10 ma) and voltage was dropped (to 55 KV) less satis-

factory welds resulted. Examination of the welding process through

the optics indicated that the solidification phenomena with lower-

voltage beams was non-uniform. This resulted in rough and irregularly

undercut weld beads with heavy evidence of cracking. Because of the

extreme difficulty in producing meaningful photographs of weld cracks,

no illustrations of defeetive welds are included.

With regard to welding speed, best results were achieved at

higher travel rates. Lower speeds (15 ipm) produced a glassy structure

such as that illustrated in the 96% alumina of Figure 7. No cracks

are evident in the weld zone; however, flexural testing indicated that

glassy welds are relatively weak. The tendency toward formation of

glassy welds increases in the less pure aluminas.

Figure 8 illustrates a weld made in identical material as in

Figure 7 and at an identical beam power. The increased welding speed
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Figure 4: Resistance Furnace for Controlled Heating of A1203

Figure 5: Edge-Welded A1203
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(30 ipm) has limited glass formation. Both welds of Figures 7 and

8 were made with 1800°F preheat. The advantage of higher welding

speed appears to result from the decreased time the weld zone is

above the 1800F preheat temperature. This limits the time avail-

able for segregation of the glassy constituents and for grain growth.

Despite the high thermal-shock resistance of alumina, preheat-

ing and controlled cooling were very important in limiting crack

formation. Preheating temperatures of at least 1800 F were required

for the 96% alumina and temperatures above 2000F appeared to be

necessary for welding of the Lucalox, Cooling rates of greater than

50 F induced cracking at temperatures above 1200 F. Below 1200 F

cooling rates were less critical.

Flexural bend testing of welded ceramics indicated that relatively

good joint strengths can be obtained. Under simple beam bending the

base ceramic achieved a surface stress of approximately 50,000 psi.

Electron beam welded joints withstood as much as 19,700 psi. Reten-

tion of 40% of the base strength is very promising for the early

stages of the program. Further work should lead to even better

results.

Alumina to Metals

Limited tests were also conducted on the joining of alumina to

metals. Using techniques similar to those used in the pure alumina

welding, crack-free joints have been produced between 96% alumina

and tungsten, molybdenum, and columbium. Undoubtedly the successful
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Figure 6: Butt-Welded A1203

Figure 7: Al203 Weld-Bead Surface

(1800F preheat, 90 KV, 2 ma, 15 ipm, 0.040"
transverse oscillation)
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ALUMINUM WELDING 

Background

Conventional fusion welding techniques for most aluminum alloys are

well established and yield satisfactory results in many applications.

However certain aluminum alloys, particularly the 7000 series, are very

difficult to join by normal fusion welding methods. Moreover, even

with the readily weldable alloys, such as 6361, conventional fusion

welding is sometimes unsatisfactory for a particular application be-

cause of unacceptable distortion, excessive heat input, or related

problems.

Many of the difficulties allied with conventional fusion welding

are associated with factors which are minimized by electron beam weld-

ing. The extreme localization of the weld zone by high-voltage electron

beam welding in combination with the low total energy input should

not only minimize distortion but should also inhibit deterioration of

mechanical and metallurgical properties. Therefore a program was

initiated to develop and evaluate electron beam welding techniques

for aluminum. Results obtained from the 7075 portion of the program,

as well as a practical application of electron beam welding of aluminum,

are presented in this portion of the paper.

Experimental Procedure 

The work was conducted on 0.062-inch Alclad 7075 aluminum sheet.

Welding was conducted in the T6, W and 0 tempers. All welds were

producyd by butt welding flat specimens perpendicular to the sheet

rolling direction. No filler materials were employed; furthermore no
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Figure 10: Electron Tube Molybdenum Feed-Throughs
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pre or post-heating was used. After welding, the specimens in the T6

temper received no further heat treatment; those in the W temper were aged

to T6; and the welds in the 0 temper were
 solution treated and aged

to T6. Following welding and heat-treating, the welds were subjected

to visual and radiographic inspection for cracks and porosity. Then

the specimens were tensile and bend tested. The transverse bend tests

were conducted with a deflection rate of 0.5 inch per minute, a bend radius

of 0.062 inch (equal to the sheet thickness) and a span between supports

of 1.00 inch.

Results and Discussion 

Visual and radiographic inspection of the welds indicated no inci-

dence of cracking or porosity. The high purity of the vacuum welding

environment undoubtedly contributed to this favorable condition. The

tensile-test and bend-test results for the 7075 are listed in Table 1.

For comparison, typical properties of the base metal and recently report-

ed da4for conventional welding are also included.

Referring to Table 1, it is apparent that the welds in the 7075

that were solution treated and aged to T6 retained approximately 90%

of the base-metal tensile and yield strength. The electron beam weld

results are far superior to the corresponding tungsten-inert-gas (TIG)

results. This is not surprising since the TIG welds were made with non-

heat-treatable 4043 filler. HoweverI the comparison is valid, since the

7075 alloy has not been successfully welded without filler, and the

7075/4043 welds are among the highest-strength welds produced to date.
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TABLE 1

'LENS= AND BEND RESULTS FOR ELECTRON REAM

WELDED 7075 ALUMINUM

SPECIMEN ULTIMATE YIELD ELONGATION ELONGATION
CONDITION STRENGTH STRENGTH (% in 1 in.) (% in 1/4 in.)

(Psi) (psi)

EB welded in 50,500 43,300 2.0 8.o
T6, Tested
as Welded

51,100 43,200 2.0 8.0

EB welded in W; 49,400
Aged to T6

50,700

4.o 12.0

2.0 8.0

BEND ANGLE
AT FAILURE
(degrees)

41

37

- _ 
- 26- 

Welded in 0; 70;500 61,000 6.o 8.0
Heat-treated
to T6 69,700 59)700 6.o 8.o _

. - - 28-

400

_ -- - 27

0 Base Netal 32,000 14,000 17 - 90

T6 Base Metal 76,000 67,000 11 - 58

TIG Welded in T6
4043 Filler 37,000 29,000 2

Tested as Weld-
ed

TIG Welded in 44,800
T6 Reheat-Treated
to T6

29,100 4



Results from the 7075-T6 welds that were tested as-welded indicate

that the strengthening effects of precipitation hardening were partially

destroyed by the welding process. However, comparison with the base-metal

data shows that complete annealing did not occur. In fact, the results

are again superior to the corresponding TIG weld results.

The tensile results from the 7075 welded in the W temper and sub-

sequently aged to T6 indicate that the weld did not completely respond

to aging. Apparently, thermal effects of the weld pass altered the weld-

zone metallurgy to a condition that was not totally receptive to solid-

solution precipitation. Response to precipitation hardening after weld-

ing should increase with increased welding speeds, because less time at

temperature would inhibit deterioration of the metallurgical conditions

needed for the precipitation reaction.

The tensile-elongation and bend-test results indicate good ductility

for all welds. A direct comparison with the base-metal ductility is

difficult because of the unique weld-zone shape. This is particularly

apparent from the as-welded 7075-T6.. Since failure occurred in the

weld at a strength below the base-metal yield strength, negligible elonga-

tion occurred in the surrounding base metal, and all of the strain was

absorbed by the narrow weld zone. Thus the reported elongation values

are extremely sensitive to the gauge-length measurement. Note that

the bend-test results indicate that the as-welded 7075-T6 joints were

the most ductile of the three conditions, a fact not apparent from the

one-inch tensile-elongation values.

Aluminum Repair Welding

The low energy input in combination with the extremely localized
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heating available from electron beam welding makes the process an

ideal tool for repair welding of aluminum components. A represen-

tative example of repair welding is illustrated in Figure 11.

A slot, illustrated in the close-up, was machined to too wide a

dimension in over 100 cast aluminum jet engine fuel control housings

Since the slot served as a guide for an actuating lever, correct di-

mensions were required. The error was discovered after all other

machining operations had been completed; therefore, conventional

repair welding would have distorted nearby critical dimensions out

of tolerance.

Each slot was repaired by electron beam welding oversize pads

of 6061 aluminum into the slot. After welding, the slot was machined back

to the correct dimension. Six castings were repaired in each machine

pump-down by use of the fixture illustrated in Figure 12.

a rate of over 20 castings repaired per machine hour.

This gave

In review it can be seen that repair welding was successful because

of two of the major advantages of electron beam welding. First, low

energy input minimized distortion; second, the precise controllability

of the process combined with the 20 x optical viewing permitted exact

location of the beam on the desired seam (thereby taking advantage of

the low energy input).

Summary 

The results of our aluminum welding program to date indicate that

high-voltage electron beam welding is a feasible technique for the join-

ing of aluminum alloys. Of particular interest are the favorable
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Figure 12: Fixturing of Castings for Repair Welding

Figure 13: Weld Cross-section in 0.040-in. Beryllium
(110 KV, 2.5 ma, 15 ipm, 0.015-in. beam)
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results obtained from 7075, a very difficult alloy to weld by normal

techniques. The tensile results, though limited, indicate a probability

of retaining full base-metal properties if the welds are completely heat-

treated. There also appears to be a possibility of attaining a signifi-

cant percentage of T6 strength by simple low-temperature aging after weld-

ing. The repair welding application demonstrates the successful appli-

cation of the process to aircraft hardware.

BERYLLIUM WELDING 

Background 

Beryllium, with its low density, high modulus of elasticity, and

high specific heat, is being used to an increasing extent in aerospace

.applications. However, use of beryllium for structural applications

has been impeded, in part by the lack of satisfactory welding techniques

for the production of sound and reliable joints. Conventional fusion

welding techniques have been hindered by contamination, cracking, hot-

shortness, and related problems, all of which have led to low room-tem-

perature strength and poor ductility. Some success has been realized

with brazing and braze welding techniques; however, brazed joints have

limited applications due to the difference in the melting point of the

braze metal and the beryllium.

In view of the difficulties encountered
 in welding and brazing

beryllium by conVentional techniques, and 
based on the excellent suc-

cess of high-voltage electron beam welding in the joining, of other

hard-to-weld materials such as tungsten and molybdenum a program was

initiated under the sponsorship of the Aeronautical Systems Division,
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Air Force Systems Command, United States Air Force, to develop aid

evaluate high-voltage electron beam welding techniques for beryllium.

The data reported herein was taken from a preliminary phase of this

program. Further work will certainly lead to improved techniques for

electron beam welding of beryllium.

Experimental Procedure 

The beryllium material used in this program was 0.040-inch thick

QMV-grade beryllium sheet, manufactured by the Brush Beryllium Company

and supplier by the Aeronautical Systems Division to Hamilton Standard.

Preliminary welding was performed on specimens 1.5 inches long, and

weldments for test consisted of butted specimens with four inches of

continuous weld bead. All material was carefully cleaned before welding

by a technique suggested by the material supplier.

Welding techniques for butt joints were developed through an

evaluation of the effects of machine parameters on visual weld quality.

Parameters studied included: accelerating voltages of 6o to 120 KV;

beam currents of 1.5 to 20 ma; travel speeds of 15 to 80 ipm; beam

oscillation of zero to 0.250 inch; and beam pulsing between 1 and 3000

cps with on-times of 0.50 to 10 millisecond.

Evaluation of the welds was based on normal inspection procedures

and mechanical testing. All welds were visually inspected for cracks,

undercutting, bead roughness, and related defects. Metallographic

examination was used to study the effects of welding parameters on

weld-zone grain structures. Tensiktesting of the butt welds was

conducted at room temperature and at 1000F.
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Results and Discussion

sGood results have been obtained in electron beam welding of

beryllium by using moderately high power densities and slow welding

speeds. When welding seeds are increased, or when extremely high

power densities are used, highly columnar grain growth leads to weld

cracking.

Figure 13 illustrates a cross-section of a beryllium weld produced

with 110 KV, 2.5 ma, and 15 ipm. Beam diameter was 0.015 inch. Although

the grain pattern is somewhat columnar, the results are encouraging

because of the extremely narrow weld zone.

A more randomly oriented but wider fusion zone is illustrated

in Figure 14. Moderating the power density by decreasing the voltage to

(65KV) and increasing the beam diameter (to 0.020 inch) has induced

a larger weld zone. However the grains are relatively small in size

and show little evidence of columnar growth. It appears that welding

conditions somewhere between those used for the welds of Figures 13

and 14 should develop the desired narrow, but randomly oriented weld

zone.

The weld in Figure 15 was produced with conditions similar to those

used for the weld of Figure 14. However, the total energy input was

somewhat higher. As in the weld of Figure 14, the fusion zone 
is

relatively wide, but now columnar grain growth is evident at the

boundaries of the weld zone.

Long lead times involved in obtaining metallographic information

on the welds made it necessary to initiate tensile testing before the
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Figure 14: Weld Cross-section in 0.040-in. Beryllium
(65 KV, 4 ma, 15 ipm, 0.020-in. beam)

Figure 15: Weld Cross-section in 0.040-in. Beryllium
(75 KV, 6 ma, 15 ipm, 0.020-in. beam)
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metallographic evaluations were completed. Therefore, the welds of

Figul'e 15 were selected for tensi.etesting solely on the basis of

visual appearance. Figure 17 illustrates an over-all view of a

typical welded specimen, and Figure 18 shows a close-up view of the

bead surface and root.

As mentioned above increasing the welding speed led to

highly columnar grain structures. Figure 16 illustrates the effect

of welding at a fast speed with a beam of relatively high power( 220

KV, 7 ma, and 80 ipm). The weld zone assumes the classical wedge

shape associated with high-energy-density electron beam welding; however,

the fusion grains are columnar and highly oriented. This condition, in

general, induces low strength and ductility. In fact, a crack is

present down the entire centerline of the weld.

The weld shown in Figure 19 was produced with relatively high

power (120 KV, 7 ma, and 80 ipm) and longitudinal beam oscillation.

Experience with tungsten we1ding4 has shown that this type of deflection

creates a more randomly oriented grain structure in the fusion zone,

leading to very good weld strength. However, essentially no improvement

was realized when this technique was applied to beryllium.

Circular beam oscillation has been used with good success in the

welding of aluminum. The circular motion of the beam tends to break

up the oxide film and also induces random grain growth. However, welding

beryllium with circular oscillation offered no improvement in grain

quality; as seen in Figure 20. Increased effective spot size has made the
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Figure 16: Weld Cross-section in 0.040-in. Beryllium
(120 KV, 7 ma, 80 ipm)

Figure 17: Butt-welded Beryllium
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BEAD ROOT

Figure 18: Beryllium Weld-Bead Surface and Root

Figure 19: Weld Cross-section in 0.040-in. Beryllium
(120 KV, 7 ma, 80 ipm, longitudinal
oscillation)

490



Figure 20: Weld Cross-section in 0.040-in. Beryllium

(120 KV, 7 ma, 80 ipm, circular

oscillation)



weld-zone width still relatively large.

The columnar grain structure resulting from welding at fast

speeds with a beam of relatively high specific power is to date

unexplainable. Experience with metals other than beryllium has always

indicated a decrease in grain size and orientation with increasing

welding speeds. Beryllium, the exception, exhibits the opposite effect.

It appears that due to a combination of its high thermal conductivity

and high specific heat, beryllium is extremely sensitive to thermal

input. The fast cooling rate associated with the low-energy input

from welding with relatively, high-power-densities and fast travel

speeds results in severe weld cracking along grain boundaries. This is

due primarily to the high orientation of the columnar grains towards

the center of the weld zone. With TIG welding it has been reported5

that the tendency towards hot-tearing decreases with slower welding speeds

and increased preheat.

It appears that controlled cooling is required to produce the

optimum weld-zone microstructures. This is accomplished by moderating

the power density and decreasing the welding speed. Of course the

ideal weld-zone would be small in over-all size while exhibiting a fine-

grained, random microstructure. The results illustrated in Figure 13

indicate that such a weld structure is attainable by the use of

moderately high voltages in combination with lower beam currents, while

maintaining the slow welding speeds. Therefore, current efforts are

being concentrated in this area.



Results obtained from tensile testing the beryllium welds at room

temperature and 1000F are listed in Table 2. For comparison, parallel

results obtained from the base metal are also included. It is apparent

that the room-temperature ultimate strength of the electron beam welds

is consistently about 65 percent of the base-metal strength. However,

the base-metal strength is considerably higher than that reported in

other beryllium welding investigations6'7. Thus, even with the 35 per-

cent drop in ultimate strength, the electron beam welds have strengths

among the highest reported.

At 1000F, even though all of the welded specimens failed in the welds,

the base-metal and weld ultimate and yield strengths are essentially the

same. Similar trends have been reported for TIG welding, but again,

perhaps because of the higher base-metal strength, the actual strength

values for the welds at 1000F are among the highest reported.

Ductility appears to be the property that has suffered most from the

welding process. However, it should be noted that in weld fractures a

very hie) proportion of the strain is absorbed within the very narrow

weld zone. Thus a very high degree of local ductility could be masked

by the overall measurement. Bend-test results, presently in progress,

are expected to yield more meaningful ductility information.

As mentioned during the discussion of the metallographic studies,

the conditions selected for welding of the tensile specimens were based

on visual examination of the weld bead and were not based on metallo-

graphic evaluations. Thus the data cannot be interpreted as being repre-

sentative of optimum electron beam welds in beryllium. In fact, metallo-

graphic work conducted after the tensile testing indicated that better
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TABLE 2

TENSILE RESULTS FOR ELECTRON

BEAM WELDED BERYLLIUM

SPECIMEN TEST ULTIMAYt,, YTELD ELONGATION
CONDITION TEMPERATURE STRENGTH STRENGTH

(F) (psi) (psi) 0 in 1 in.)

ED Weld 80 43,400 None 0

EB Weld 80 )1)i,400 None 0

ED Weld 80 47,200 43,900 0.5

FIB Weld 1000 25,600 23,400 3.5

Eri Weld 1000 24,700 23,800 3.5

Ad Weld 1000 24,700 23,400 3.5

Base 80 70,100 42,500 18

Base 80 70,200 41,700 20

Base 80 68,100 42,600 14

Base 1000 25,600 24,400 16

Base 1000 25,600 25,000 20

Base 1000 24,700 24,500 17
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mechanical properties are to be expected with somewhat different welding

conditions. Further testing of welds of superior grain structures is

planned.

Sulmx

The results of the beryllium welding study indicate that high-

strength welds can be produced by high-voltage electron beam welding

techniques. Contrary to almost all other metals, fine grain size and

random grain orientations in beryllium electron beam welds are not

dependent on fast welding speeds. Instead, best results to date have

been achieved with relatively low welding speeds (15 imp). Further

evaluation of the relationships between grain structure and welding con-

ditions is required to develop welds of optimum quality..
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ABSTRACT

Mechanical testing of electron beam post heated weld-

ments produced in electron beam welded solutionized sheets,

solutionized and rolled sheets, and aged sheets of titanium

alloys shows that impact data remain essentially the same as for

those found in weldments not post heated. Tensile tests show an

increase in strength over non-post heat treated welds, 
and are

equal to or very close to base metal strength. Incremental

strain readings of heat treated welds are not
 significantly less

than those of non-heat treated welds, but are
 more uniform.

Similarly, simultaneous stress-strain curv
es of fusion and base

metal zones show that such curves can be nearly matched by such

post heating, although serious mismatch may occur in non-post

heat-treated welds. Thus essentially uniform mechanical properties

can be achieved.
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THE ELECTRON BEAM POST HEATING 

OF ELECTRON BEAM WELDS 

INTRODUCTION

The advantages of electron beam welding several

titanium alloys, high strength steels and molybdenum have

been shown to be related to both gas content of the fusion

zone and total heat input. In particular, it has been

shown that, over a wide range of weld widths, titanium alloys

show substantially no change in strength and generally have

strengths which are of the 150,000 - 165,000 psi ultimate

strength range. In other words, fusion zones in electron

beam welded titanium alloys consistantly have approximately

the same strength as solutionized base plate.
1

It has been further shown that the Department of

Defense titanium sheet rolling alloys vis. the 5A1-2 1/2 Sn

alloy, the 16V-2 1/2 Al alloy, the 6A1-4V alloy, the 4A1 -

3Mo-IV alloy, and the 13 1/2V - 11Cr-3A1

alloy, have increasing impact resistances with increasing

weld width for constant fusion zone grain size and condition

of heat treatment. Further, these impact resistances are

generally all higher than found in solutionized or hardened

base plate. This has been related to hydrogen content where-

in it has been shown that as weld width increases hydrogen

content decreases.1
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It has been shown, also that ultimate strengths

for titanium alloys are primarily dependent upon the grain

size of the fusion zone and this accounts for the consistent

strength levels over a wide range of fusion zone geometry.

Incremental strain readings showed a general loss of

ductility caused by welding as opposed to the ductility

1
measurements present in a sheet prior to welding.

1

Usually

losses were most severe in the heat affected zone immediately

adjacent to the fusion zone. Certain alloys, notably, the

4A1-3Mo-1V alloy exhibited significant loss of ductility

even in the fusion zone.
1 

However, the incremental strains

reported are still of engineering use since they generally

run at least 5 to 10% even in the most severe cases of low

strain reporting.

The ability to obtain titanium weldments of strengths

equal to solutionized base plate with very high impact resist-

ances is encouraging. However, it would be even more desirable

to have titanium fusion zones of higher strengths compatible

with strengths of solutionized and rolled plate or plate

otherwise hardened and still retain high impact resistance,

while perhaps increasing the weldment incremental strain

values. Since impact resistance is a function of hydrogen

content as well as conditions of heat treatment, these higher

properties might be realized by heat treating an entire
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assembly. However, heat treating an entire assembly

necessarily involves not only considerable expense for very

large heat treating furnaces for large parts such as missile

casings and considerable time involved with attendant expenses,

but, perhaps even more important, often results in extensive

deformation when applied to large assemblies.

Thus, it would be very advantageous to be able

to post-heat treat in the same weld fixturing directly after

a welding pass only fusion and high temperature heat affected

zones produced in hardened sheet. Thus, a fully heat-treated

weld in fully hardened sheet might be produced with little

distortion, quite rapidly, and at very low cost. Such an

approach has been tried by Lefas
2 
wherein cast iron was

joined using a carbon welding arc, and oxyacetylene torches

were used to post-heat treat the weld area. The same approach

was attempted by White et al.
3 wherein an induction coil

trailing a tungsten arc torch was used to post-heat treat

weldments in the all beta titanium alloy (13 1/2V-11Cr-3A1).

In both cases, the rate of heat input from these secondary

non-melting heat-treating sources was too low to effect

substantial aging or annealing as desired. .

The electron beam is a highly efficient heating

tool wherein electrons emitted from a gun actually penetrate

several thousandths of an inch into a material before any
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melting or substantial heating begins. Thus it seemed quite

feasible to use a non-melting pulse from an electron beam

gun as a secondary heating source. This could be accomplished

in the form of a second gun travelling behind the first

melting or welding gun or it could be accomplished by low

power density generated from the very same gun that performed

the welding operation, constituting a second pass. This

procedure was applied to determine the precise feasibility

of the technique when utilized with the 5A1-2 1/2 Sn alloy,

the 6A1-4V alloy, the 4A1-3Mo-1V alloy, and the 13 1/2V-11Cr-

3A1 alloy. The alloys were either in the solutionized, or

solutionized and rolled conditions prior to welding. In

addition, work was also done with material in the solutionized

and aged condition prior to welding.

EXPERIMENTAL PROCEDURE 

Weldments in different alloys involve an infinite

number of heat affected zone peak temperatures at varying

distances from the edge of the fusion zone which will be

either relatively hard or soft, depending on the alloy in

question. It was, therefore, necessary to develop a post-

heating tool which would be quite versatile in terms of both

peak temperature distribution from the edge of the fusion

zone as well as actual peak temperature in the center line

of the fusion zone.
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Peak temperature locations were determined using

,the temperature sensitive lacquer technique (tempilac).
1

In this procedure, temperature sensitive lacquers, each

corresponding to a specific peak temperature, and each

melting within plus or minus 1% of that peak temperature,

are painted transversely to the welding direction. The peak

temperature locations resulting from either the welding

operation (if these stripes are painted prior to welding)

or the peak temperature locations subsequent to post heating

(if the stripes would be applied before post-heating but

after welding could be determined and the loci of these peak

temperatures compared.

The subject materials were obtained in 1/8" nominal

sheet thickness since this sheet thickness was felt to be

of practical interest to missile and airframe manufacturers.

Using such materials two limiting variations of the post

heating technique were evolved. In the first technique a

non-melting low power density E.B. pulse was used as a

second weldment pass following the first E.B. fusion welding

pass. However, the power density involved was only slightly

less than that required for melting.

Using the peak temperature equations of Adams4 as

recommended by Lander et.al.
1 
it can be shown that the

reciprocal of the difference between any peak temperature
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and room temperature is directly proportional to the distance

from the edge of the fusion zone, when such heat flow is

primarily of a two dimensional nature. For either two or

three dimensional heat flow, linear relationships are evolved

when this reciprocal temperature factor is plotted against

the square of the distance from the edge of the fusion zone.1

Reference to Figure I will show the result of this first

technique of post heating. It may be seen that a relatively

narrow width of heat affected zone resulting from this post

heating was obtained and that very high peak temperatures were

obtained. The data are shown as least mean square lines

and the seeming discrepancy between top and bottom side

temperatures, namely that the bottom surface temperature

was higher than that of the top is nevertheless in keeping

with much of the previous work done
 with these particular

alloys.
1
 Thermocouple measurements were also taken to check

peak temperature locations duri
ng E.B. welding. A good

agreement was obtained, and thermocouple
s than used primarily

to determine time at centerline 
peak temperature.

The second variation in this technique involved

designing a post-heat treatment such that a relatively wide

width of heated material and low 
centerline peak temperature

would be obtained. In other words, having obtained by the

first method a means of achieving a high centerline peak
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temperature and having only small distances from the edge

of the fusion zone affected, the evolution of a 
technique

which would yield the opposite of this should allow conditions

to be set between these two limits to achieve any desired

peak temperature distribution within the plate. More diffuse

heat input was achieved by using an even lower power density

beam, i.e. a beam having the same power settings as utiliz
ed

for welding but a considerably larger spot size, and by 
using

several post-heating passes of the beam to slowly bring th
e

joined portion of the assembly up to the desired centerline

peak temperature. Figure 2 shows the results of using this

technique. It will be noticed that the use of multiple

passes and of a power density even less than that of the

first limiting parameter allowed a more uniform peak temperature

between the top and bottom sides to be produced. In fact,

it was generally found that the same peak temperature, within

experimental limits, was obtained for these runs. It should

also be noted that the horizontal axis is ten times that

represented in Figure 1 and still the subject curve in

Figure 2 has much less of a slope than the curves of Figure 1,

so that much more material was heated by multiple pass

technique.

In an effort to determine just how precise the post

heating technique could be, temperature sensitive lacquers
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were painted on a specimen prior to welding and the results

of these peak distributions are plotted in Figure 3. Knowing

these peak temperature distributions, a post heat-treatment

was then designed to reproduce as closely as possible these

two curves represented in Figure 3, without melting the plate.

The results of this experiment are presented in Figure 4.

Comparing Figure 4 to Figure 3, it will be seen that the

peak temperature distributions and the maximum center line

peak temperature are essentially the same in both cases

although no melting occurred during the post heat-treating

operation.

On all material which was welded in the solutionized

condition or the solutionized and rolled condition, it was

decided to use a centerline post-heat peak temperature which

would be close to the lowest temperature attainable for

constant temperature heating through plate thickness, for

absolute distortion minimization.

Also temperatures close to this particular peak

temperature had to be maintained for at least 1/4" - 1/2"

on either side of the weld in order to embrace all of the

high temperature heat affected zones. In this way aging

might be induced into the weld fusion zone and high temperature

heat affected zones. Consequently, aging might compensate

for any loss of strength from the solutionized and rolled
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condition to the welded condition. The lowest possible

centerline peak temperature which would allow relatively

constant temperature conditions to exist from the top to

the bottom of the plate was approximately 1600°F. Thus,

all solutionized and welded plate was post-heat treated

with at least an 1800°F centerline peak temperature. In

order to achieve this particular peak temperature and the

desired temperature distribution, it was found a

three pass technique of heating was required. All post

heating conditions yielded temperature distribution plots

similar to those of Figure 2, for centerline peak temperatures

up to 2200°F, for all materials in all conditions of heat

treatment or hardness used. Higher centerline peak temperatures

were achieved in two passes, yielding approximately the same

peak temperature distribution. For ease of reference in

the remainder of this report, such conditions will be referred

to only by centerline peak temperature.

The alloys which were aged prior to welding were

those that could be aged commercially, vis, the 6A1-4V alloy,

the 4A1-3Mo-1V alloy, and the 13 1/2-11Cr-3A1 alloy. These

were subjected to post heating after aging and welding as

well as post heating after solutionizing and welding. When

these alloys were used in the aged condition for post heating

a variety of post heat temperatures were applied to them to
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determine the influence of post heating on overaging of

plates, impact resistance, and strain. For ease of reference

in the remainder of this report, material aged prior to

welding is referred to as "hardened" material. Material in

the solutionized, or solutionized and rolled condition prior

to welding is given no special identification.

Welding conditions for these materials were 14,000

volts, 200 milliampers, and 8-10 inches per minute travel

rage, depending on the alloy used and the particular thickness

of sheet (one for each alloy) used. With a gun efficiency of

approximately 65%, approximately 10,000-15,000 joules per

inch were utilized for the welding operation. Post heat-

treating was carried out at the same settings, with the

exception that spot size was increased from that of the

minimum available during the welding operation (approximately

0.030 inch) to a more diffuse spot (0.070-0.100 inch). Under

these conditions, a time-temperature relationship showed that

a particular spot on the weldment centerline was at its peak

temperature during post heating for approximately 5 seconds

and was quickly raised to this temperature and rapidly cooled

from it. Although 1800°F considerably above the solution-

izing temperature for these alloys, a 5 second exposure should

be insufficient to allow solutionizing, but should result in

significant aging, perhaps equivalent to a 10 hour hold at 900°F.
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For each condition of post heat-treatment, transverse

tensile bars were prepared from the welds. Transverse tensile

bars were also taken from the as-welded specimen, i.e. the

specimens having no post heat-treatment and from the unwelded

base plate for comparison. Thus, for each alloy, three

tensile comparisons generally of the base plate, as-welded

condition,

and post heat-treatments at 1800°F, 2000°F,

2200°F and occasionally at 2500°F were made. These flat

tensile bars were ground to A.S.T.M. flat tensile bar

specifications. The 2" long by 1/2" wide reduced gage section

was subjected to the photogridding process.5 This process

originally developed by the Watertown Arsenal Laboratories

allows an accurate grid of 0.001 inches wide lines arranged

in square array, 0.049" on a side to be photographed directly

onto the specimen.5 Since the photographic emulsion has

a very low elastic limit, the entire plastic strain of a

specimen throughout all of its metallurgical portions can

be readily determined by measurement of these grids before

and after testing. In this way, any portion of the weldment

which would suffer a serious loss of ductility, or experience

a large increase in ductility could be delineated. This would
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be impossible using standard 1" or 2" gage length measurements

which may be quite meaningless for a weldment in which the

entire width of weld and heat affected area may be less than

one-eighth of the gage length.

Impact properties of most of these various conditions

were also determined. The specimen used was a Charpy bar

in all dimensions except that of its thickness which was

the thickness of the sheet being used. In the case of
,

actual weldments or post heated weldments, the thickness

would be that which resulted after any crown, fillet or

other deviation from flatness had been removed by machining.

Charpy V-notch specimens of sheet thickness are quite adequate

for determination of the total quantities of crack propa-

gation energy, crack initiation energy and specimen bending

energy. The specimen can, however, be modified by the

introduction of a natural fatigue crack at the base of the

notch, as has also been introduced by the Watertown Arsenal

Laboratories -'7 The natural fatigue crack allows strictly

crack propagation energy to be measured, since it has been

shown that the energy determined on an energy per area

basis is independent of specimen geometry,8 and since the

energy to reinitiate a natural fatigue crack at the base

of the notch is essentially zero. The natural fatigue crack
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is introduced by exposing specimens to several thousand

reversals on a standard fatigue machine. Depth of the

crack can be controlled to within several thousandths of

an inch. In the subject program, the crack was controlled

to within 0.050 inch + 0.010 inch. In addition, the area

through which the crack propagated was measured on every

specimen subsequent to fracture. Impact energy readings

thus determined on an area basis bear a 1:1 relationship

with the Gc test of Irwin and Kies.7,9 Not only does this

technique yield the lowest possible impact resistance number

available (and, therefore, the safest value in engineering

terms), it yields a value which is meaningful for weldments,

since they fail from existing stress risers, be they infinite-

ly sharp cracks which are undetected or be they other

metallurgical or mechanical notches.

Since one of the most important aspects of the

subject research was to determine means of producing spec-

imens which would have essentially the same properties in

the fusion zone and base plate areas, a new technique of

tensile testing has been introduced. Use has been made

of miniature strain gages (o.015 inches - 0.030 inches in

gage length). Such a strain gage can be placed directly

on a fusion zone and second one on the base metal. In
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this way, the simultaneous stress-strain curves which these

two areas generate when the entire specimen is loaded can

be recorded, allowing the dynamic plastic behavior as deter-

mined by the incremental strain readings to be determined.

The use of the miniature strain gages allows the moduli of

elasticity to be compared, the extent of true elastic strain

occurring in regions which show no plastic strain can be

determined, and the relative magnitudes of residual stress

either in weld or base metal as a result of either welding

or post heating can be determined.

A. The 5A1-2 Sn Alloy 

Although this alloy is not generally considered to

be an age-hardenable alloy and is used only in the solution-

ized condition, electron beam weldment strengths are generally

in the neighborhood of 120,000-125,000 psi ultimate strength

as shown in Figure 12 and as determined in the previous

study. This alloy is often supplied at this strength; how-

ever, the original material supplied for this study had

been cold worked by rolling such that its strength was

approximately 142,000 psi ultimate strength. Thus, an

attempt was made to age this material using an 1800°F post

heat temperature.

Figure 5, presents a summary of the ultimate

strengths determined from various testing conditions, it
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may here be seen that all fractures took place in the base

metal or heat affected zone, and that base metal strength

was achieved. The moduli of elasticity which were determined

for this particular alloy series show no change from the

standard value of approximately 16 x 106 psi.

Figure 6 shows the percent elongation per 0.050"

in unwelded 5A1-2 1/2 Sn alloy base plate.

In Figure 7, the incremental strain readings for

weldment tested without post heat-treatment are shown. It

may be seen that a significant amount of plastic elongation

has been lost in the fusion and heat affected zones. However,

the total elongation is still quite excellent with a very

large amount of plastic strain available to the overall

weldment. Figure 8 shows incremental strain readings for

the weldment post heat-treated at 1800°F.

The impact resistance of unwelded material is

shown in Figure 9 as a function of testing temperature.

All the data points are from specimens that did not fracture,

but elected to bend regardless of the depth of notch,

showing the extreme toughness of this material in the. as-

welded condition.

A previous study using this very same material
1

did not show such results, with material having approxi-

mately the same impact strength in the welded as in the
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unwelded condition. All specimens failed from the infinitely

sharp notch in the pre-cracked Charpy specimen.
I

However,

as shown in Figure 10, the impact strengths of the weldment

made without post heat-treatment are still quite high for

this alloy and, as shown in Figure 11, this essentially

unchanged with an 1800°F post heat-treatment.

B. The 6A1-4V Alloy 

The 6A1-4V alloy plate was solutionized and rolled

to a strength level of approximately 185,000 psi ultimate

1
strength. It has been shown previously that this alloy when

welded in the solutionized condition without any cold work

applied has strengths of approximately 150,000 psi ultimate

strength, which is essentially the same as the strength real-

ized in the base plate. Several as-welded specimens have been

tested and the same strength level of approximately 149,000

psi ultimate tensile strength was obtained for 3 specimens.

Reference to Figure 12 which shows a summary of

the ultimate strengths of various conditions shows that

the original strength of 180,000 psi was reached by post

heat-treating at 1800°F. This represents an increase in

strength of approximately 30,000 psi. It represents little

change in modulus as shown in Figure 13.

Incremental strain readings for unwelded base

plte are shown in Figure 14. It may be seen by comparing
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with Figure 15, which represents the incremental strain

readings of a weldment tested without post heat-treatment,

that plastic elongation has been lost throughout most of

the weldment in the various metallurgical zones particularly

in the fusion zone and very high temperature heat affected

zones. The same condition was found to occur in a previous

study using base plate which had not been worked prior to

welding.1 Figure 16 shows the incremental strain readings

for a weldment which has been post heat-treated at 1800°F.

Comparing these data with those of the previous figure it

will be seen that there is very little, if any, loss in

plastic elongation as a consequence of post heating and

the elongation has been possibly increased in the fusion

zone and high temperature heat affected zones. There is

also a general tendency for more uniform elongation through-

out the entire specimen.

Figure 17 shows the impact strength of the unwelded

base plate as a function of testing temperature and Figure 18

shows the impact strength of the welded condition without

post heat-treatment as a function of testing temperature.

can be seen that the welding operation with its sPftening

( and its reduction in hydrogen content)effecthas signifi-

cantly increased the impact resistance.

importance, however, is the fact that F

Perhaps of greater

igure 19 shows

It
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essentially no change between the as-welded condition and

the as-welded and post heat-treated at 1800°F condition in-

sofar as impact strength is concerned.

C. The 4A1-3Mo-1V Alloy 

The welding of solutionized and rolled 4A1-3Mo-1V

alloy by the electron beam process and the electron beam

post heating of this again resulted in strengths which were

essentially those of the unwelded material with some

increases noted in incremental strain readings in the more

brittle portions of the heat affected and fusion zones.

However, this increase in strain and stress was attended by

some loss of impact strength in all likelihood due to severe

microstructural changes induced by the post heat-treatment.

Attention was focused upon the same heat of

material, hardened to approximately 190,000 psi ultimate

strength through aging. A slight loss in ultimate strength

was noted in the as-welded condition with strengths reaching

the 170,000 to 175,000 psi ultimate strength level. Since

no increase in strength was noted at 1800°F, further post

heat-treatments were conducted at 2000°F and 2200°F as shown

in Figure 20. The summary of ultimate strengths presented

in Figure 20 indicates that possibly a slight strength lower-

ing was encountered by post heat-treating at 1800°F, although

there is also an indication that this strength loss is no

521



(/)

_J 440
co

5. 400

360
LU
cc

320

280

u_ 240

200cc

160

120cr
(i)

80

a_ 40
2

UNWELDED BASE PLATE

6AL- 4V ALLOY

1 1 1 1 
o
200 100 0 100 200 300

TESTING TEMPERATURE,°C

FIGURE 17 - IMPACT RESISTANCE FOR UNWELDED 6A1-4V ALLOY

AS A FUNCTION OF TESTING TEMPERATURE.

(/)
CID 440

400

360Q_

320

UJ

cc 280

u_
240

200

160
0

120cr

80

o_ 40

0— PW-17

POST HEATED 1800 °F

PW-I3

NO POST HEAT

6AL- 4V ALLOY

0 1
-200 -100 +100 +200 +300

TESTING TEMPERATURE,°C

FIGURE 19 - IMPACT RESISTANCE FOR 6A1-4V ALLOY, WELDED,
POST HEAT-TREATED AT 1800°F, AS A FUNCTION
OF TESTING TEMPERATURE.

T
E
N
S
I
L
E
 
S
T
R
E
N
G
T
H
,
 

400

Q- 
36LU

320

cc 280
U--

u_
240

200

1600

120

80

40

0
-200 -100 0 +100 +200 +300

TESTING TEMPERATURE, °C

FIGURE 18 - IMPACT RESISTANCE FOR 6A1-4V ALLOY, WELDED
NO POST HEAT-TREATMENT, AS A FUNCTION OF
TESTING TEMPERATURE.

200,000

180,000

160,000-

14opoo

120,000

1 00,000-

80,000

60,000

40,000

20,000

-E 
V

0

0 BASE METAL OR HEAT
AFFECTED ZONE FAILURE

0 FUSION ZONE FAILURE

4AL - 3M0 -IV ALLOY
HARDENED

FIGURE 20 - ULTIMATE TENSILE STRENGTH FOR VARIOUS TESTING
CONDITIONS FOR THE HARDENED 4A1-3Mo-1V ALLOY.

522



longer apparent when the material was post heat-treated

at 2200°F. With fractures occurring in both the base metal

and the fusion zone no definite metallurgical reason can

easily be given for the occurrence of these failures at

these strength levels..

Various post heat-treatment temperatures were also

imposed on weldments made in this hardened material in

order to determine the influence of post heat-treatment on

modulus change. Figure 21 shows the dependence of modulus

upon post heat-treatment temperature for both the solution-

ized base metal runs and the hardened base metal runs. In

the former case identical moduli were obtained with an

1800°F post heat and in the latter case they were obtained

at 2200°F. Thus, at equal stress levels induced by various

degrees of post heat-treatment, a particular post heat-

treatment may be selected which will give similar elastic

characteristics in base metal and fusion zone for this alloy.

Incremental strain readings for unwelded hardened

base plate show a significant loss of plastic strain

potential as a consequence of welding. When assemblies

were post heat-treated at 2200°F, plastic strain potential

was obtained which was higher than that obtained in the

non post heat-treated condition and at a strain level which
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was essentially the same as that obtained without any post

heat-treatment. Again, this occurred with matching base

metal and fusion zone moduli.

The impact resistance of the unwelded base plate

was essentially the same as that shown by the weldment

without any post heat applied to it. With an 1800°F post

heat-treatment, there was relatively little change from

this basic curve. However a significant change in the

generated impact curve became more obvious at higher post

heat-treatment temperatures. In particular, the low temper-

ature portion of the curves had been significantly raised.

D. The 13 1/2V-11Cr-3A1 Alloy 

The 13 1/2V-11Cr-3A1 alloy was electron beam

welded in the solutionized and unworked condition to yield

weld strengths which are essentially the same as the un-

welded material. There was no change in ultimate strength

and no appreciable change in tensile characteristics

between base metal and fusion zones was noticed as electron beam

post heating was applied to such weldments. There was a

substantial strain loss caused by the welding operation

when weldments having no post heat-treatment were compared

in total and incremental strain readings to unwelded base

plate. However, incremental strain values are substantially
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increased by post heat-treating with higher post heat-

treatment temperatures yielding increasing amounts of plastic

incremental strain. Using a 2500°F post heat-treatment,

incremental strain readings essentially compatible with

those of unwelded base plate were attained. The impact

resistance of as-welded fusion zones was compatible with

that of unwelded base material.

This same heat of material was aged to the 180,000

psi ultimate strength level. General softening induced by

the heat of welding was not alleviated through post heat-

treatment by the electron beam for any of the post heating

conditions utilized, as was found to be the case of the

aged 4A1-5Mo-1V alloy. There was again a general trend

towards slightly lower ultimate strengths with increasing

post heat temperature. No aging could be definitely dis-

tinguished in the microstructures of these weldments. It

would be expected that this alloy should have a slower aging

response to electron beam post heating than the previous

three alloys discussed, since this alloy has the slowest

response of all the DOD titanium alloys insofar as aging

is concerned. This particular alloy is generally aged at

900°F for 90 hours. Consequently, it would probably be most

difficult to effect aging in this alloy through short time,

1
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high temperature passes, even multiple passes. However, as

shown in Figure 22, electron beam post heating does allow

less of a discrepancy between base metal and fusion zone

moduli to be obtained.

Although electron beam post heat-treatment did

not restore strength losses caused in hardened 13 1/2V-11Cr-

3A1 alloy sheet by electron beam welding, moderate amounts

of post heat (as low as 1800°F) substantially improved the

impact resistance of the weldment without adversely affecting

the stress or strain of the as-welded condition. Post heat-

treating also allowed more uniform elastic modulus condition

to be achieved in base plate and in fusion zone.

CONCLUSIONS 

1. The electron beam has been shown to be a

practical tool for the post heating of electron beam fusion

and heat affected zones in titanium alloys of 1/8" thickness.

2. A technique for determining the simultaneous

stress-strain characteristics of different metallurgical

portions of a weldment has been developed.

3. Ultimate strengths of electron beam weldments

in solutionized and rolled titanium alloy plate may be

obtained in fusion and heat affected zones by electron beam

post heating. By this technique, weldment strengths of the

180,000 psi ultimate strength level have been produced.
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4. Electron beam post heating does not decrease

impact resistances in electron beam fusion zones produced

in solutionized and rolled 5A1-2 1/2 Sn alloy or 6A1-4V

alloy sheet.

5. For solutionized and rolled sheet, electron

beam post heating of electron beam weldments increases

incremental strains for the 4A1-3Mo-1V alloy, causes no

change from the high strains of the 5A1-2 1/2 Sn alloy, and

causes more uniform incremental strains to be obtained for

the 6A1-4V alloy, as compared to electron beam weldments not

post heat-treated.

6. Ultimate strengths of electron beam weldments

in solutionized plate that has not been cold worked are

equivalent to that of unwelded material even in the absence

of electron beam post heat-treatment.

7. Electron beam post heating of electron beam

welds in solutionized 13 1/2V-11Cr-3A1 alloy increases

incremental strains to essentially those of base plate values.

8. Electron beam post heating of electron beam

welds in solutionized 13 12/V-11Cr-3A1 alloy does not

decrease fusion zone impact resistances which are essentially

equivalent to those of unwelded material.

9. Solutionized and aged plates when electron

beam welded cannot be hardened to unwelded base plate strengths.

528



However, post heating increases impact resistances above

those of unwelded plate and increases strains above those

of weldments not electron beam post heated.

10 Moduli of elasticity in base metal and fusion

zones of electron beam welds can be matched by electron

beam post heating for titanium alloys in any condition of

heat-treatment or hardness prior to welding.
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