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ABSTRACT

Two major areas of effort are encompassed:
I.

New Techniques for the Synthesis of Metals and Alloys
The high rate physical vapor deposition (HRPVD) process Is to

he used for the following:
1.

Preparation and characterization of Nl and Nl-20Cr alloy sheet.

2.

«Synthesis of compounds Y-O-, TIC, S1~N, by reactive evaporation

and their characterization.3.

Dispersion strengthened alloys, Nl-ZOCr-Y^O-, Ni-20Cr-TlC and

Ti Y 0

- 2 3This report describes the synthesis of carbides, oxides and

nitrides by reactive and activated reactive evaporation techniques.

II.

The Properties of Rare Earth Metals and Alloys
v^The oxidation kinetics of Ni-20Cr containing nominally 1% of

Y, Gd, or La have been evaluated over the range of 900 to 1200*C In
static air.

The nature of the oxide films formed and the disposition

of the rare earth additions have been evaluated by X-ray diffraction
and electronmlcroprobe analyses.

x

Yttrium additions reduced the oxidation rate by a factor of
about three, whereas, Gd and La reduced the rate but by a lesser
amount than yttrium.

Oxide films formed at 12000C consisted primarily

of Cr.O.; spinels and N10 were observed at lower temperatures, 900 to
10000C.

The amount of the rare earths in the oxides was extremely

small, although yttrium appeared to be concentrated at the oxide-gas
Interface on samples oxidized at 1200oC.

-1-

No definite mechanisms can

be associated with the observations, although doping of the C^O. films
with a concomnltant decrease In the cation vacancy concentration Is
consistent with the observations.

\

INTRODUCTION
This report describes research activities on ARPA Grant
No. AQ 16A3.

The scope of the work Is divided Into two major areas

of effort and further subdivided Into four tasks as shown below.
1.

New Techniques for the Synthesis of Metals and Alloys - Tasks I,

II, and III.
2.

(Professor R. F. Bunshah - Principal Investigator)

The Properties of Rare Earth Metals and Alloys - Task IV.

(Professor D. L. Douglass - Principal Investigator)
In the following each of the two topics will be described
separately as Part I and Part II of this report with the progress
to date.
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PART I

NEW TECHNIQUES FOR THE SYNTHESIS OF METALS AND ALLOYS
(TASKS I, II, AND III)

R. F. Bunshah

\

I.

Background
High rate physical vapor deposition (HRPVD) techniquesv

'

are to be used to prepare metallic alloys, ceramics, and metalceramic mixtures (dispersion strengthened alloys).

The method

consists of evaporation of metals, alloys and ceramics contained In
water cooled crucibles using high power electron beams.
Is carried out in a high vacuum environment.

The process

The use of high power

electron beams makes It possible to produce very high evaporation
rates.

The vapors are collected on heated metallic substrates to

produce f-ill density deposits at high deposition rates.
There are three tasks in this section:
Task I:

The preparation and characterization of Nickel and Nl-20Cr

alloy sheet by the high rate physical vapor deposition process.
Task II:

Synthesis and characterization of compounds by Reactive

Evaporation.
Task III:

The compounds to be prepared are Y-O», TIC and Si«N..
Dispersion strengthened alloys produced by HRPVD Process,

and their characterization.
A.

Ni-20Cr-Y203

The specific alloys to be studied are:
B.

Nl-20Cr-TlC

C.

Tl-Y^

Single source and two source evaporation methods will be used to
produce these alloys.
Hie HRPVD process has several attractive features:
A.

Simple, full density shapes (sheet, foil, tubing) can be produced

at high deposition rates,

0.001" per minute thickness increment

thus making it an economically viable process.
B.

Metals and alloys of high purity can be produced.

C.

Very fine grain sizes (ly grain diameter or smaller) can be produced

by controlling substrate temperature.

Grain size refinement is

■HI

I

»SrWWIWIH^flWlWI'MiiMl^^

produced by lowering the condensation temperature.
D.

An alloy deposit may be produced from a single rod fed source.

This occurs because the molten pool at the top of the rod is about
1/4" deep only.

The vapor composition is the same as that of the

solid rod being fed into the molten pool.

At equilibrium» the

composition of the molten pool differs from that of the vapor or the
solid feed.
pressure.

It is richer in those components having a low vapor
The composition of the vapor is the product of the vapor

pressure times the mole fraction of the component.

For example, a

T1-6A1-4V alloy deposit where the differences in vapor pressure of
Al and V are a factor of 5,000 at 1600oC can be produced by evaporation from a single source.

The feed-rod is Ti-6A1-4V and the molten

pool is much richer in V than in Al.
E.

Two or more sources can be used to simultaneously deposit on

the same substrate thus conferring the ability to produce complex
alloys.

For example, an alloy with a 2 or 3 component solid solution

matrix may be evaporated from one source and another metal or ceramic
for the dispersed phase from another source.

The dispersion size

and spacing should be very fine since the deposition is occurring from
the vapor phase.
The unique feature of this process is that all of the above benefits
can be obtained simultaneously.
It should be noted that the condensation temperature is a very
important process variable.

Bunshah and Juntz

(8)

found that for

titanium, as the deposition temperature is lowered the grain size of
the fully dense deposit becomes finer.

At very low temperatures

(^25% of the melting point) the deposit has less than full density.

r

v

Since a fine grain sized mlcrostructure represents an optimum condition
of strength end toughness In a material, the Importance of control over
the

II.

deposition temperature becomes obvious.

Scope of work and progress In reporting period (February 1-July 31,
1971)
'""" —— ■
_ -^
The main tasks on this contract are the preparation and testing

of the various alloys, ceramics and dispersion strengthened alloys as
outlined In Section I above.

Very essential to the preparation of

suitable test specimens are two other factors:
A.

Design of the apparatus for high rate physical vapor deposition.

B.

Theoretical calculation of the thickness distribution and temperature

distribution of the deposited material which Is In this case In the
form of a sheet.
Both of these tasks are essential preliminaries to the main
scope of work.

They were completed and described In semi-annual

technical report No. 1.

(9)

Two papers based on Item B above have been submitted and
accepted for publication.

*

'

In this reporting period the following work was carried out.
A.

Installation of the high rate physical vapor deposition apparatus

was concluded.

On testing, It had some leaks due to bad welds and

some parts had to be returned to the manufacturer for repairs.

It will

be reinstalled and tested In the next reporting period.
B.

Theoretical model for alloy evaporation from a single rod-fed

electron beam source.

This model relates the various aspects of the

problem concerned with the deposition of an alloy of desired composition

■ ■:r—-'.
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from a feed-rod of the same composition.

The model will be experl-

■

mentally tested in the next six months and reported on In the progress
report due then.
C.

Feasibility studies on the synthesis of Y-O-, TiC and SijN^ by

reactive evaporation.
The major emphasis on experimental effort during this period was
■■i

devoted to a feasibility study of the synthesis of
evaporation at high deposition rates (2ym/mln and

compounds by reactive
higher).

The

experiment consists of evaporating the metal from an electron beam
heated source at high rates in the presence of an appropriate partial
pressure of a reactive gas.

The desired reactions are:

2y (vapor)+|o2 (gas)-*-Y^

(solid)

(1)

2Ti(vapor)+ Cfo (gas)-^ 2T1C (solid) + H2 (gas)

(2)

3Si (vapor) + 2N2 (gas)-* Sl^ (solid)

(3)

Preliminary experiments with the synthesis of Y.O, and TIN

(instead

of Sl-N.) showed that synthesis of these compounds at high rates by
reactive evaporation was possible.

In the case of TIC, no synthesis

by reactive evaporation was achieved.

Therefore, a new process of

Activated Reactive Evaporation previously conceived

(12)

was applied

and the synthesis of TIC at high rates was successfully achieved.
The studies on this task, have been very successful and the subject is
treated in detail in

III.

Supplement 1 to this part of the report.

Future Work
In the next half-year period, the following work is scoped.

A.

Relnstallation and commissioning of the two source high vacuum high

rate physical vapor deposition apparatus.

....,-...-,

B.

,-,

,y^^,,.^y,>l««Pt.^W).>J'-''!^^^''?^l,'!''ll<'^'^''!

Experimental verification of the model for alloy evaporation

from a single source using the Nl-20Cr alloy.
C.

Continuation of the work on synthesis and testing of compounds

Y.O., TIC and Sl.N. by reactive and activated reactive evaporation.
D.

Deposition of Nl and Ni-20Cr alloy sheets and study of their

structure and properties.
E.

Feasibility studies on production of Ni-20Cr alloys containing

dispersed phases by HRPVD processes from two evaporation, sources.

IV.

Personnel
The following personnel have been working on this project

in this reporting period.
Principal Investigator - Professor R. F. Bunshah
Graduate Students - Mr. Raymond Chow (up to April 30, 1971) and
Mr. Rao Nimmagadda.
Post Doctoral Fellow - Dr. A. C. Raghuram (from February 1, 1971)
Undergraduate Student - Mr. Neil Kane (from June 1, 1971)
Technician - Mr. Fred Weiler
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Supplement - 1

High Rate Physical Vapor Deposition of Compounds by Reactive Evaporation
and Activated Reactive Evaporation

I.

Introduction
Many compounds have very desirable properties either when used by them-

selves as monolithic structures or when Incorporated with other materials, e.g.,
dispersed phases In high temperature high strength alloys, as hard coatings
on tough substrates as in tooling, etc.
If it Is desired to deposit compounds from the vapor phase onto a
stustrate, one has a choice of several processes:
1.

Sputtering of the compound from a target of the same composition.

2.

Direct evaporation of the compound from an evaporation source of the

same composition.
3.

Reactive evaporation in which metal vapor atoms from an evaporation source

containing the appropriate metal react with the reactive gas atoms present
in the vapor phase to form compounds; e.g.
2A1 (vapor) + | 02 (gas)^Al203 (solid)
2T1 (vapor) + Zfo (gas)-5»2TlC (solid) + H2 (gas) .
There are two considerations which govern the choice of the process:
1.

The ability to deposit compounds of the desired composition and

structure.
2.

The rate of deposition which may affect the economics of the process.
Most compounds can be deposited by sputtering.

However, it has two

possible disadvantages.
1.

Break-up of the compound into fractions which may or may not recombine

to yield the desired composition in the deposit.
the case.

This is not too often

..

-^

■■.

■.
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■
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2.

A low deposition rate, usually of the order of O.lyin/min which can be

accelerated to lym/mln but with the attendent problem of incorporation of
the sputtering gas into the deposit.
Direct evaporation of compounds is possible but also suffers from
two possible disadvantages.
1.

Compounds of technical Interest usually have a very high melting point

(> 2,5O0eC) which necessitates the use of a high density heat source to
produce appreciable evaporation rates.
2.

The possible break-up of the compound into fractions during evaporation.
On the other hand, with reactive evaporation, the evaporant is a

metal whose melting point is lower than the metal compound and therefore
higher metal atom densities in the vapor phase are easier to produce.

Thus,

high deposition rates, i.e., rates greater than 0.1 mil « 2.5vim « 25,000 A
per minute are possible.
Two possible problems with reactive evaporation are:
1.

The kinetics of the reaction in the vapor phase to form the compound.

2.

Control of the chemical composition of the compound.

This could be a

problem or alternately could add to the versatility of the process, since
one could vary the stoichiometry (e.g., carbon/metal ratio in carbides) of
the compound and hence vary the properties.
In this investigation, we will emphasize the reactive evaporation
and also carry out direct evaporation of compounds for comparative purposes.

II.

High rate physical vapor deposition of compounds by reactive evaporation,
and activated reactive evaporation
In reactive evaporation metal vapor atoms react with gas atoms present

in the atmosphere to form compounds.

For example, aluminum metal atoms in

the vapor phase combine with oxygen in the gas phase to form aluminum oxide.

:^flfip^ii^*'i!!yre^;^

7
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2 Al (vapor) + | 02 (gas) -* A1203 (solid)
Similarly, titanium reacts with a hydrocarbon gas.e.g., acetylene to form
titanium carbide, e.g.,
2Ti (vapor) + Zfo (ga8)-5>2TlC (solid) + H2 (gas)
Examples of reactive evaporation in the literature are as follows:
1.

Brlnsmaid, Keenan, Koch and Parsons

deposited thin films of TiCL

by evaporation of titanium from a resistance heated source in the presence of
pure O, at a pressure of 2.1C
2.

Auwarter

-4

to 1.10

-3

torr.

(2)
' produced thin films of various oxides by evaporation of the

metal or oxide from resistance heated sources in the presence of a partial
pressure of oxygen. The oxide films produced are, Si02, TiO-, AIJ)., ZnO,
Sn02, Zr02 and FeJ),.
3.

Herrick and Tevebaugh

(3)

deposited copper oxide films by vaporization of

copper from resistance heated sources in an oxygen atmosphere.
Novice et aüS ' and Schilling^^ deposited A120

4.

films by reactive

evaporation from resistance heated aluminum source in the presence of oxygen.
5.

Ritter

produced thin films of Si20- and TiO» by reactive evaporation

of Si, Ti, SiO and 110 from resistance heated sources in the presence of
10

-4

6.

to 10

-3

Rairden

torr oxygen.
prepared thin films of NbN and TaN by evaporation of Nb and

Ta from an electron beam heated source in an N. partial pressure of 10
10
7.

-3

torr, and A1N by evaporation of Al in NH- atmosphere.
Ferrien and Pruniaux

(9)

Learn and Haq

(8)
'

produced A120- by reactive evaporation of

Al in an atmosphere of water vapor at 10
8.

-4

torr in the reaction zone.

produced ß SIC by reactive evaporation of Si In

CjSu atmosphere.
In all these cases, on?y thin films were produced at very low
deposition rates (^ 0.2ym/min).

to

■ ■
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4.

High reaction probability can be obtained in nany instances only by

activating the reactants i.e., the metal and gas atoas.
Activation of the reaction can occur naturally or be artificially
stimulated.

Several natural factors undoubtedly Influence the process.

For example,
1.

High free energy of formation of the compound would tend to activate

the process and contribute to high reaction efficiency.
2.

The more complex the gas species Involved in the reaction, the smaller

the probability of a high reaction efficiency; e.g., if the reacting gas
is a simple molecule like 0- the reaction efficiency might be expected to
be higher than if a more complex molecule like C2H2
3.

were involved.

Removal of the reaction products from the reaction Interface.
Consider the two reactions for the compound formation,

2 Y + |

02-iY203 ;

ÄF - - 429,000 cal/mole at 2980K

Ti + I C2H2->TiC + j H2

;

AF - - 76,500 cal/mole at 2980K

(1)
(2)

The free energy of formation JF, is more favorable for reaction (1) than for
reaction (2).

Reaction (2) also has a more complex reactive gas species

than reaction (l).l.e., CjH« vs. 02«

Reaction (2) can also be driven in

the reverse direction by Increase of H. partial pressure in the reaction
zone, which is why the removal of reaction products from the reaction
interface is important.

This does not apply to reaction (1).

For all these reasons, one might expect the kinetics or reaction
efficiency for the formation of Y.0- by reactive evaporation to be more
favorable than those for TIC.
In our experiments, the synthesis and high rate deposition of Y.O.
by reactive evaporation was readily achieved whereas evaporation of 11

T
14

Reactive evaporation processes can be limited by the kinetics of the
reaction taking place.

The efficiency or yield of the reaction can be very

low thus resulting In very low deposition rates,/^0.1 micron per minute or
lens Fit source to substrate distance of 8 to 10 Inches typically.
For high deposition rates, one must have several necessary conditions:
1.

Adequate snpply of metal vapor atoms.

2.

Adequate supply of gas atoms.

3.

A high efficiency or yield of the reaction.
The third Item mentioned above necessitates two steps:

1.

High rate of collision between metal and gan atoms in the vapor phase,

i.e., a sufficiently high vapor pressure of both species.

The collisions

can also occur on the substrate.
2.

High reaction probability (close to 100%) when such collisions occur.
All of these conditions need to be simultaneously met in the experiment

to successfully deposit compounds at high depositions rates.
1.

For example,

An adequate supply of metal atoms in the vapor phase can be obtained

by using a high rate evaporation source such as an electron beam heated
source.

The electron beam provides a high density heat source focused onto

the surface of the metal

In the liquid pool.

This does not exclude other

high rate evaporation sources such as induction heated or laser heated
sources.
2.

An adequate supply of gas atoms is provided by having a sufficiently

high partial pressure of gas atoms in the gas phase, e.g., partial pressure
of 10
3.

-4

torr or higher.

A high collision rate between metal and gas atoms In the vapor phase or

on the substrate.
and gas atoms.

This is assumed by the high partial pressures of metal

\

:
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in the presence of a reactive gas such as C-H« failed to produce TIC.

The

experimental details are discussed In section IV.
^or the synthesis of TIC, the Actlved Reactive Evaporation Process
using electron beam evaporation of the metal species (In this case titanium)
was developed.

Reactions can be activated by energizing the reactants,

or In terms used In chemical kinetics, converting the reactants to their
activated states.

Activation of the reactants can be carried out either

before the reactants are brought together or directly In the reaction zone.
The latter alternative would be expected to yield much higher reaction
efficiencies since In the former

case there Is ample opportunity for the

activated reactants to become deactivated prior to reaction by collision
with surfaces, e.g., the walls of the tubes rlsed to convey gases, etc.
A glow discharge or a microwave discharge can be used to activate
vapor phase species and thus accelerate the reaction.

There are a number

of examples In the literature where activation of the gaseous species was
carried out outside the reaction zone.
1.

They are as follows;

Anwärter^ studied the deposition of thin film oxides of SI, Zr, Tl,

Al, Zn, Sn by reactive evaporation of the metal from resistance heated
sources in a partial pressure of oxygen gas.

lonlzatlon of the oxygen

gas outside the reaction zone by glow discharge between two electrodes
is claimed to Increase the "affinity" between the gas ion and the metal
compound, i.e., enhance the probability of formation of metal compounds.
Deposition rates of about 0.2]M per minute were obtained.
2.

Wank and Wlnslow

(12)

deposited films of A1N by evaporating Al from a

r.f. heated BN crucible and reacting the Al deposited on the substrate with
N„ gas which has been dissociated by a 60H
the gas feed tube.

a.c. discharge at the end of

Deposition rates of 0.1 to 0.2iJm

per min were obtained.

■

.
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3.

Koslckl and Kahlng

(13)

produced GaN

thln-fllms by depositing pure

6a from a resistance heated source onto a substrate In the presence of activated
N, gas.

The N« gas was made chemically active by partial dissociation In

a microwave discharge located away from the source and the substrate.
Deposition rates of 0.2 to 0.3ym per minute were obtained.
From the above examples, for the high rate synthesis and deposition
of compounds (> 2.5ym per minute), It Is reasonable to conclude that activation of all the reactants in the reaction zone Is essential.

Several

experimental arrangements can be conceived using an appropriate heat scurce
such as electron beam or laser heating to produce the high metal vapor flux,
a high flux of reactive gas molecules, and a glow discharge or microwave
discharge In the reaction zone.

The one used In this Investigation Is

described In the next section.

III.

Activated reactive evaporation using an electron-beam heated
evaporated source
Figure 1 shows a schematic of the experimental arrangement.

High rate evaporation of metal atoms Is carried out using an electron beam
to heat a pool of metal In the source In a vacuum chamber.
Is present to supply gas atoms for the reaction.

A gas bleed

The glow discharge Is

produced by having a probe In the experimental area to which a positive d.c.
or even a.c. voltage Is applied.

When the voltage exceeds the breakdown

voltageje.g.j 60 volts approximately or above for gas at pressure of 10
a glow discharge Is set up.
Ingredient for

torr,

The electrons In the electron beam are a key

the glow discharge also.

serves '■wo functions:

-4

In other words, the electron beam

one, to heat the molten pool to evaporate metal

atoms and two, to supply electrons for the glow discharge.

mmsimmtrntimmim —
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The obvious fact which is not excluded is that if one uses another
type of evaporation source (e.g.. laser heated source) one would then
provide a source of electrons or other conventional means to maintain a
discharge.
A by-product of the process is that high purity compounds can be
synthesized because

the background impurity level in the gas phase is

very low since one uses a vacuum environment, high purity metal and
gas.

IV.
A.

Experimental set-up and procedure
Apparatus!
1.

Vacuum system:

high vacuum system.

The experiments were carried out in a conventional

The evaporation chamber is a 24 inch diameter and 36

inch high water-cooled stainless steel bell jar.

The chamber is pumped by

a

10 inch diameter fractionating diffusion pump, with an anti-migration type
liquid nitrogen trap.
2.

Electron beam source:

The evaporation source is an one inch

diameter rod fed electron beam gun - self-accelerated 270° deflection type(Airco Temescal Model RIH-270) as shown in figure 2.

The power supply for

the gun is an Airco-Temescal (Model CV 30) 30 KW maximum power, operating
at a constant voltage of 10 KV and variable emission current.
3.

Substrate and substrate heater:

8 inches above
tion

from

a

the molten pool.

The substrate is positioned

The substrate is heated from behind by radia-

4 KW tungsten resistance heater.

The temperature of the

substrate is continuously recorded through a chromel-alumel thermocouple, which
is spot welded at the center of the substrate on the back side as shown in
figure 2.
substrate.

A movable shutter is located between the molten pool and the

ipupiji., u ii iiiii.;.,wM.i»|i.jiiWS!llf''W^S8ytl
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Figure 2.

Cathode Emitter, at -lOkv
Electron Beam
Focus Magnet
Water-Cool Copper Crucible
Source {Material
Copper Shielding

7.
8.
9.
10.
11.

Shutter
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Substrate Heater, (4KW)
Thermocouple
Deposit

Schematic of Physical Vapor Deposition Process Using a Rod-Fed Source.
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4.

Substrate material:

The deposits were collected on 5 mil thick stainless

steel or copper substrates.
square.

A typical size of the substrate is 6" x 6"

In few cases 5-6 mil thick titanium and zirconium substrates were

also used.
5.

Evaporant:

the evaporants used in these series of experiments are: Ti,

Zr, Hf, V, Nb, Si and Y.

These evaporants were in the form of billets of

0.975 inch diameter and 6 Inch maximum length.
6.

Reactive gas bleed:

The reactive gases were introduced into the chamber

through a series of needle valves.
8 x 10

-5

torr to 8 x 10

-4

torr.

The reaction gas pressures varied from

The reaction gases used were commercial

purity methane said acetylene for the synthesis of carbides, nitrogen and
ammonia gases for the synthesis of nitrides and oxygen for the synthesis
of oxides.
7.

Power supply for the activated reactive evaporation:

For activated

reactive evaporation, the reactive gas molecules and/or the metal atoms
from the pool were activated by a probe positioned between the pool and the
substrate.

An external a.c. with a line voltage of 110V or positive d.c.

variable voltage was applied across the molten pool and the probe.
The experimental arrangement for the activated reactive evaporation is shown
in figure 1.

The d.c. power supply used was a continuously variable voltage

up to 500 V and 200 mA current. Lambda, Model 71.

B.

Procedure:
The system was initially pumped down to 10

-6

torr pressure range.

Then the reaction chamber was purged with the reaction gas to 10

-4

torr

pressure range for few minutes and again the chamber is pumped down to 10
:.
torr range

before turning the electron beam on.

This procedure is to make

sure that the presence of extraneous gases is minimized.

;■..■.■.

..
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When the pressure in the chamber went into the 10

torr range, the e.b.

gun was turned on and the molten pool was formed with the shutter In the
closed position.

After forming the molten pool, the reaction gas was

introduced into the chamber through the needle valve to get the required
chamber pressure.

For activated reactive evaporation the d.c. power supply

was turned on and the potential was increased until a steady glow discharge
was observed in the chamber.

Once the steady glow had been set-in, the

shutter was opened to deposit the compound on to the substrate.

C.

Characterization of the synthesized compounds;
1.

X-ray analysis:

The synthesized deposits were identified by

their X-ray diffraction patterns.

X-ray diffraction analysis was made on

a G.E. XRD-5 diffraction unit using copper»K

radiation with a nickel filter.

For accurate determination of the lattice parameter, the unit was alllgned
using a standard tungsten specimen.

The lattice parameters were determined

by the method of least squares with 6 to 10 peaks depending on the deposit.
From these lattice parameter measurements, the carbon to metal ratio, [C/M],
in the carbides were determined using the published data on lattice parameters vs. [C/M] ratio.
2.

Microhardness measurements:

Microhardness measurements of the

deposits were made using a Kentron microhardness tester, with a diamond
pyramid indentor.

A load of 50 g was used in all cases.

The diagonal

length of the indentations varied from 5.7ym to 9.Gym and about lym in
depth.

In each case an average of four indentations were made.

There was

a considerable scatter in the results, and the maximum scatter was about
10% of the measured value.

*wmmmfimmiamW''r*vvf v-rmm^^-^-- ■ -
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V.

Results and Discussion

A.

Voltage-current characteristics of activated reactive evaporation;
A glow discharge voltage and current varied over a wide range

depending on the reactive gas, position and area of the probe and the
electron beam gun emission current.

Typical voltage - current character-

istic curves are shown in figure 3 for molten Ti pool at various beam
currents and two acetylene pressures.

When the glow discharge sets-ln

the chamber, a colored glow was observed Inside the chamber and the discharge
current drastically Increased as illustrated in figure 3.
With higher beam currents, the potential required for initiating
the glow discharge decreases.
the probe increases rapidly.

Once glow discharge sets in, the current in
Increase in the surface area of the probe

Increased the glow discharge current and decreased the voltage required
for the glow discharge.

Typically for titanium, the voltage required for

a glow discharge was in the range of 60 to 90 volts, at p. u ■ 1 to 3.10
C2H2
torr with

-4

tungsten wire of diameter and length 1.25 mm, 50 mm.
It has long been known that chemical reactions can occur in gases

which are subjected to electrical stresses.

One of the earliest commercial

uses was the application of a high voltage corona discharge in oxygen to
form ozone.

In spite of its early use of corona discharges for promoting

chemical reactions, the exact mechanism is not well understood.

In

the present context, a few possible effects of the glow discharge could be;
(1)

glow discharge may increase the temperature of the glow region which

promotes the chemical reaction, (11) glow discharge may ionize the metal atoms
and/or the gas molecules, which Increases their chemical reactivity,
(ill) in the glow region the collision probability of the reacting species
may be enhanced.

The above factors may each contribute to a certain extent

in promoting the overall chemical reaction.

Detailed investigations are

23
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necessary for a complete understanding of the reaction mechanism In the
glow discharge region.

B.

Haterlals synthesized;
1.

Oxides:

Yttrium oxide Is the only oxide synthesized so far by

reactive evaporation with oxygen bleed and without the external potential,
fttrlum oxide was also synthesized by activated reactive evaporation, with
oxygen and an external potential.
In the chamber.

In both cases a red glow was observed

Dense Y-O. was deposited on stainless steel substrate at

room temperature and at 790*0.
2.

Carbides:

Attempts were made to synthesize carbides, by reactive

evaporation with methane and acetylene gases, but In both cases It was not
possible to produce carbides.

However, several carbides were synthesized

by the activated reactive evaporation with acetylene gas as the reactive
atmosphere.

The carbides synthesized at the time of this report are

TIC, ZrC, HfC, VC, NbC and SIC.

The experimental conditions under which

these carbides were synthesized are tabulated In table I.

For carbide

synthesis by activated reactive evaporation methane gas was also tried but
no carbide was produced.
hydrogen bond In methane.

This Is probably due to the saturated carbonOn the contrary, acetylene Is a highly unsaturated

hydrocarbon, which could be easily dissociated In the glow region.

The

deposition temperatures for carbides were varied from room temperature to
about 700oC.

The deposits made at room temperature were very loose and

flaky; on the contrary deposits at higher substrate temperatures were dense
and adhere well to the substrates.
3.

Nitrides:

Titanium nitride Is the only nitride synthesized

so far by reactive evaporation using nitrogen gas, at pM

■ 4.10

2
on stainless steel and copper substrates at room temperature.

-4

torr

However, the

■ ■.■■..
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It was found that as the pressure of the reaction gas Increases the
[C/M] ratio also Increases at a constant flux density of titanium atoms.
From table III it can be seen that at p

<. 3.10

-4

torr, the X-ray diff2 2
ractlon patterns of the deposit Indicated the presence of both Ti and
C H

TiC phases.

With pp „ ^ 3.10

-4

torr the [C/M] ratio increases with

the reaction gas pressure from 0.6 to 1.0 at p^, „ ^ 5.10
2 2
rate of deposition of 4vim/min.

torr for a

The rate of deposition of the carbide was varied by changing the
rate of evaporation of titanium.
from 0.6ym/min to lO.Oum/mln.

The deposition rates of TiC was varied

At a constant p., „
C2H2

4.10

-4

torr, the

Increase in the rate of deposition up to 6.0 m/min decreased the [C/M] ratio
in titanium carbide on a substrate at 8 Inches from the pool.
are listed in table IV.

For TIC deposition at rates

constant gas pressure of p- „ ■ 4.10
C2H2
Tl and TiC.

-4

The results

8.0ym/mln, at

torr, the deposits contained

both

Hence, for synthesizing stoichiometric composition of TIC,

the flux density of titanium atoms and the pressure of acetelene gas
should be optimized.
and p- „

=5.10
2.

-4

For example, for a TIC deposition rate of 4.0 m/min

, the TiC deposit had a TiC- - stoichiometry.

Microhardness find the influence of oxygen on microhardness and

lattice parameter;

Tables II, III, and IV also show the microhardness

measurements of the carbides (at 50 g load).

Microhardness values are

(18)
very sensitive to the applied lcadv ' and vary markedly with the [C/M]
ratio

*

, oxygen content

, and the structure of the deposit.

In

table II the measured hardness values are compared with the published values.
In the case of TIC, with [C/M] - 1.0, the measured hardness value of
2775 kg/nan

2

which was obtained by extrapolation to [C/M] » 1.0.

^19)
'
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nitride deposited by reactive evaporation at room temperature was loose and
flaky and the x-ray
TIN.

diffraction pattern showed the existence of both Tl and

Titanium nitride was also synthesized by activated reactive evaporation

using nitrogen and ammonia gases»

with the substrate at room temperatures.

In both techniques the deposits made at higher substrate temperatures (^AOO^C)
did not form the nitrides.

The nitride deposited with activated nitrogen

gas at pw - 4.10
torr, did not indicate the presence of free titanium,
N
2
unlike the nitride deposited by reactive evaporation at the same pressure
of nitrogen.

This illustrates the increase in reaction efficiency by the

activation of the reacting species.

C.

Characterization:
1.

X-ray analysis and carbon to metal ratios in carbides;

X-ray

diffraction peaks for the carbides deposited at higher substrate temperatures
were sharp and narrow, indicating the fine grain size and with no pronounced
residual stresses.

The diffraction patterns also showed varying degrees of

preferred orientations.
The results of the lattice parameter measurements for the carbides
are tabulated in table II.

From these lattice parameters [C/M] ratios were

estimated using the data tabulated by Pearson.

(14)

The carbon to metal

ratios [C/M] in the carbides are greatly influenced by the various process
variables.

The Important variables are the nature and partial pressures of

the reactive gases in the reaction chamber, rate of evaporation of the metal
from the pool, the substrate material and its temperature.
The synthesis of TIC was studied in some detail, i.e., the variation
in [C/M] ratio with acetylene gas pressure and the rate of deposition.
results are tabulated in tables III and IV.

The
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Both measurements were made with diamond pyramid indentor at 50 g load.
In the case of ZrC, HfC and VC, the published values appear to be higher,
but the direct comparison with the measured values are not meaningful.
For ZrC(22) and VC,(23) the loads used were not specified.

For HfC(24)

the reported value is measured with the Xnoop Indentor using 100 g load,
a direct comparison is not possible.

Mlcrohardness measurements, especially

for very high hardness values at low loads, are very strongly Influenced
by the applied load; e.g., in the case of TaC~ „», with 100 g load,the
hardness reported was 2400 Kg/mm

2

and with 25 g load the hardness reported

2 (25)
in the same work was 3000 kg/mm .
The presence of oxygen in carbides is known to increase the mlcrohardness
values.

This may also contribute to the low hardness values reported

in the present series of experiments; where the technique permits the
synthesis of carbides which minimizes the possibility of oxygen contamination.
Further evidence of low

oxygen content in the carbides synthesized

in this investigation can be deduced from lattice parameter measurements.
The lattice parameters measured for TIC. „ and VC.
published values of lattice parameter,
Figure 4.

0

are higher than the

as illustrated for TIC in

The published values of lattice parameters vs. [C/M] ratio for

TIC, ZrC, VC show increasing

lattice parameters going through a maximum

and then decreasing as the [C/M] ratio approaches 1.0.

(17)

According to

Vegard's Law, the lattice parameter should have increased linearly with
[C/M] ratio.

This falling off of the lattice parameter which is a devia-

tion from Vegard's Law has been attributed to the presence of oxygen.
In the present case with TIC, the low oxygen content

might account for the

absence of a maximum, with the lattice parameter constantly increasing in
accordance with Vegard's Law, as shown in Figure 4.

Therefore, the high

■
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lattice parameter values and the low mlcrohardness values may be due to
the very low oxygen content.

Chemical analysis of the carbides for

combined carbon, free carbon and oxygen content will be carried out to
test these results.
■

Deposition rates;

■

In reactive evaporation as well as in activated reactive evaporation,
the deposition rate is influenced by the flux density of metal atoms, the
pressure of the reacting gas, the collision frequency between metal and
gas atoms.and the reaction efficiency.

The last two factors are higher

in activated reactive evaporation than in reactive evaporation.

The

stolchiometry of the compound depends on the number of metal atoms end
gas atoms.

The overall deposition rate can therefore be increased by

increasing these quantities provided the reaction efficiency does not decrease.
In activated reactive evaporation, there is an experimental parameter which
also has a bearing on this matter, i.e., the current drawn by the probe whioh is limited by the current carrying capacity of the glow discharge power
supply.

In this Investigation, the

supply had a maximum current limitation

of 200 ma which limited the gap pressure that could be used.

Hence, for r

synthesizing a TiC. . stolchiometry, these interrelated factors resulted
in the following experimental parameters — for TiC, the rate of deposition
of 4pm/min and p-, „ '5.10
C2H2
TiC

0

■

-:■
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D.

--

torr was found to produce a carbide having

stolchiometry.

In the future, we plan to use a power supply with 1.5 amps maximum
current capability and hence expect to go to higher deposition rates.
Another experimental problem can be the high pressure operating limit of
-3
1.10
torr for thermionically excited electron beam guns. This can be
easily overcome by separate pumping of the emitter section of the gun.

/
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VI.

Summary and Conclusions
Synthesis of compounds was carried out by reactive evaporation.

In

reactive evaporation, the metal atoms are evaporated from a source in the
presence of a reactive gas atmosphere so as to form a compound.

Yttrium

oxide and titanium nitride have been synthesized by the reactive evaporation
using oxygen and nitrogen gases as reactive atmospheres respectively.
However^attempts to synthesize titanium carbide by reactive evaporation using
methane and acetylene gases were not successful.
A new technique of Activated Reactive Evaporation has been developed
and successfully used for synthesis of carbides as well as oxides and
nitrides.

In activated reactive evaporation the reacting species are activated by

the glow discharge Initiated In the reaction zone.

This technique when used

with an electron beam evaporation source, with the electrons from the e.b. gun
also being used for the glow discharge, thus creates the discharge right In
the reaction zone where It Is needed for maximum reaction efficiency.
This technique has several advantages for the synthesis of compounds.
They are:

(1)

very high deposition rates of up to lO.Oym/min, which is

an order of magnitude higher than known processes, such as chemical vapor
deposition, sputtering, etc. (11)

lower substrate temperatures ("AOO'C)

can be used for obtaining full density deposits as compared to substrate temperature,

> 1000oC for chemical vapor deposition,

(ill)

it is possible

to synthesize high purity compounds, with controlled stolchiometry.
This techuique has also been used successfully for synthesis of Y~0.
with oxygen as the reaction gas, and TIN with nitrogen and ammonia as reaction
gases.

For TIN with nitrogen as reaction gas, it was found that reaction

efficiency increased using activated reaction evaporation as compared to
reactive evaporation.

re^r*msmmm**m^
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For the first time carbides of group IV and V metals have been synthesized by physical vapor deposition processes using activated reactive evaporation with acetylene as the reactive gas.

[C/M] ratios In the carbides

were varied by varying the rate of evaporation of the metal and the pressure
of the reaction gas.
of A.Oym/mln and pr

For titanium carbides, an optimum rate of deposition
a

5.10

-4

torr was found to produce a carbide having
2 2
a stolchlometry TIC. . and mlcrohardness of 2775 kg/mm . Higher deposition
u
C H

rates can be achieved by Increasing the current carrying capacity of the
glow discharge power supply and the reaction gas pressures.

/
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TABLE I
Experimental Conditions for the Reactive and
Activated Reactive Evaporation of Compounds

1
Run #

Reactive Atmosphere
w or w/o
P
torr
potential
gas

4

T
substrate
o
0

w/o
potential

Room temp«

it

II

Rate of
deposition
ym/min

13.0

Y-02-2

1.10~

Ti-N2-9

4.10"4

|

Ti-N2-8

4.10~4

|

Ti-NH3-2

4.10~4

"

n

Ti-C2H2-34

5.10~4

it

450

4.0

Zr-C2H2-1

4.10"4

ii

540

5.0

Hf-C2H2-2

4.10"4

n

515

2.5

V-C2H2-5

S.Kf4

II

555

3.0

Nb-C2H2-2

4.10~4

II

540

2.5

Si-C2H2-1

4.10

II

690

0.8

|

-4
H

w/ potential

Remarks

Ti+riN

it

i

Si+SiC

1
i
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TABLE II

[C/M] Katlos and MlcrohardnesB of Carbides
of Group IV and V Metals

!

1

Run #

Carbide

Lattice Parameter
e
A

l J

M

2-»
Mlcrohardn ess, Kg/nm
Present
Published
50 g load [ Values

Ti-C2H2"3A

T1C

4.3283

1.0

2775

2900a

Zr-C2H2-1

ZrC

4.7061

.9

1150

2500b

Hf-C2H2-2

HfC

4.6562

1.0*

1580

2276c
(KHN)

|

VC

4.1840

1.0

1924

3000d

l

NbC

4.4287

1 V-C2H2-5
Nb-C2H2-2

.7*

1700
1
|

"The starting materials Hf and Nb were not pure.

Hf was a crystal bar and

Nb was a low alloy billet.
a.

DPHN, Load 50g, values extrapolated to [C/M] - 1.0()

b.

DPHN, Load not specified, [C/M] - 0.9(22)

c.

KHN, Load 100g, [C/M] - 1.0(24)

d.

DPHN, Load not specified, [C/M] - 1.0(23)
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TABLE III

Variation of [C/M] Ratio and Mlcrohardness
with Pressure of Reaction Gas for TIC

1

Rate of
deposition
/(m/min

Run #

Lattice
Parameter

I

l J

M

Mlcrohardness
50 g load
i
Kg/mm2
|

Tl-C2H2-34

1.10~4

4

Tl-C2H2-34

3.10~4

4

4.3119

0.6

2,000

Ti-C2H2-35

4.10'4

4

4.3229

0.75

2,550

Tl-C2H2-34

5.10~4

4

4.3283

1.0

2,775

Tl-C2H2-34

7-8.lO"4

4

4.3312

1.0

2.670

T1+T1C

-

j

1

' .

39

TABLE IV

Variation of [C/M] Ratio and Mlcrohardness
with Rate of Deposition for TIC

Run #

P

C2H2 torr

Rate of
Deposition
m/mln

Tl-C2H2-35

4.10"4

0.6

Tl-C2H2-35

4.10"4

3.0

Tl-C2H2-35

4.10"4

Tl-C2H2-35

Lattice
Parameter
0

l J

M

A

Mlcrohardness
50 g load
kg/mm2

-

-

4.3273

.9

-

4.0

4.3229

.75

2550

4.10"4

6.0

4.3108

.6

2070

Tl-C2H2-35

4.10"4

8.0

-

T1+T1C

-

Tl-C2H2-35

4.10

9.7

-

T1+T1C

-

-4

-

.
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Introduction
The presence of small amounts of certain rare earth elements
In nickel-base alloys Is known to markedly reduce the rate of oxidation at high temperatures and to exert a highly beneficial effect
on the mechanical stability of the scales formed.
disproportionate to the amount added.

The effect is

GeneraluLa fraction of a

percent, e.g., approximately 0.1 to 0.3%, is sufnsient.

In particular,

the resistance to exfoliation of the scales becoSs outstanding.
The mechanism by which these effects occur is not known and
has been subject to rather wild speculation.

The program in progress

is direcfed at obtaining an understanding of. the mechanism and to
characterize the oxidation behavior of certain alloys containing
rare earth additions.

Results
Oxidation Kinetics
Isothermal oxidation was performed over the range of 900 to
1200oC as described in the first Semi-Annual Technical Report.

'

All

samples were initially weighed and oxidized for 1 hour at the temperature
of interest.

They were subsequently rewelghed and inserted in the

Harrop 6TA unit which was slowly heated to the oxidation temperature;
no changes occurred during the heating when the samples had been
preoxidized.

The difference in the oxidation rate may be seen in

Figure 1., which shows an approximate fit to the cubic rate law and
the slowly heated sample oxidizing more rapidly by a factor of about 10%
than the sample immersed directly.

This difference is related to the

nature of the oxide film formed at low temperatures, e.g., during slow

■
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heating, compared to the films formed at high temperatures, e.g.,
Immersed directly.

Figure 2 shows a comparison of X-ray diffraction

patterns taken from the two samples, and Figure 3 Is a composite of
X-ray Images obtained by the electron microprobe.

Basically, the

slowly heated sample contains a much higher fraction of N10 In the
film compared to the sample Immersed directly which has a film consisting primarily of Cr.O..

Some spinel also exists, having formed

by the reaction of NiO with Cr20_.

The latter forms by either internal

oxidation of the chromium-enriched substrated surface or by a displacement reaction in which chromium reduces NIO.
in more detail subsequently.

These will be discussed

The Important point for the moment is

that differences do exist depending upon the way the test is carried
out and that these differences are readily explained by the constituents of the films formed.
Effect of Rare Earth Additions
The Isothermal oxidacion curves for all four alloys, Nl-20Cr
and Ni-20Cr containing nominally 1% of Gd, La, and Y are presented
in Figures 4-6 for temperatures of 1000, 1100, and 1200oC, respectively.
The presence of the rare earths reduced the oxidation rate of the
pure alloy at all temperatures.

The weight gain followed a time law

which was approximately cubic, e.g., Aw = kt

1/3

, although some of

the alloys exhibited less than the cubic rate law and the rates generally
decreased with time.

Yttriiia was the most effective addition at all

temperatures, the extent of the reduction in rate being about a factor
of five.

Gadolinium was more effective than lanthanum in reducing the

oxidation rate at temperatures In the range of 900 to 1100oC, but at
1200*0, the reverse was true.

.
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Figure 1.

Effect of Testing Method on the Oxidation Kinetics of Ni-20Cr-1Gd.
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Ni-20Cr-IGd
OXIDIZED 2 DAYS AT I2000C
Figure 3.

Comparison of Electron Microprobe Anatyies of Oxide Scales Formed on Samples in Figure 1.
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The temperature dependence of the oxidation Is shown In
Figure 7 which Is an Arrhenlus plot of log reciprocal time* to achieve
2
an arbitrary weight gain (50 mg/dm ) versus reciprocal temperature.
There Is no physical meaning to this plot In the sense that a fundamental lat» applies and that activation energies might be compared
to various physical processes.

This plot Is a convenient way In

which the temperature dependence of oxidation may be shown for the
alloys and the alloys compared to one another.

The

complex nature

of the scales and the fact that no particular time law was followed
by all alloys over the complete time period studied precludes a
detailed analysis of the Arrhenlus plot.

It Is clear, however, that

the rare earths do Indeed reduce the oxidation rate, and that yttrium
Is by far the most effective.

Structure of Oxide Scales
X-ray diffraction and electron microprobe analyses of scales
were made using standard techniques.

Preparation of metallographlc

srmples (used for the microprobe) was quite difficult due to loss
of the scale by mechanical failure during mounting and grinding.
This problem was f Ina,1 ly solved by vapor plating with a thin layer
of gold In vacuum (to make the samples conducting) followed by an
electroplating of copper to a thickness of about 0.002 to 0.004."
The plated samples could then be subjected to careful grinding and
polishing.

reciprocal times were used because they have the same units as a rate
and give the correct slope of log rate versus reciprocal temperature
on an Arrhenlus. plot.
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X-ray diffraction scans are shown In Figs. 8-11 for each
alloy.

The figures Include both "l#w" and "high"-temperature scales.

In general, the

,,

low"-teiaperature scales contain much NiO and spinel

with lesser amounts of Cr-O-.
primarily Cr 0

The "high"-temperature scales were

with some spinel and very little if any NiO.

There

was no evidence of any rare earth oxides or mixed oxides containing
rare earths with the exception of the alloy containing yttrium oxidized
at 1200oC.

One diffraction line could be indexed as Y20 .

However,

as will be seen from the probe results, this could be attributed to
Y.O. existing in the substrate grain boundaries.
Electron microprobe results are shown in Figures 12-15.

The

scales are primarily Cr.O. at the "higa" temperature, e.g., 1100 or
12000C, with a small amount of spinel at the oxide/gas interface.
The "low*-temperature scales contained an appreciable fraction of
Cr^O., but they also showed substantial amounts of NiO at the
exterior.

The only evidence of any rare earth in the scales was on

the Ni-20Cr-lY alloy oxidized at 1200oC.

A thin layer of a Y-rich

phase was detected at the oxide/gas interface.

All of the rare earths

existed as oxides in the substrate grain boundaries as can be clearly
seen from the X-ray images for the rare earths.

Although oxygen

images are not shown, they were run on several samples and showed
unequivocally that the rare earths existed as oxides in the grain
boundaries.

This was in contrast to the existence of rare earth-nickel

intermetallic compounds dispersed throughout the alloy matrix away
from Che oxide/metal interface.

It thus appears that the rare earth-

nickel intermetallics were preferentially oxidized intern-illy.
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li-20Cr
7 DAY, AIR, (ATM

900oC

Figur« 8.

X-Ray Diffraction Patterns of Scatot Formad on Ni-20Cr.
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Ni-20Cr-lGd
7 DAY, AIR, I ATM

NiO

Cr?03

I

N

|rNiCrAcr2o3

iooooc

Cr203

NiCi-204
Figur« 9.

'■"'■-•■"-"-"

"—-

'"-

•

...■«...»...:■-

X-Ray Diffraction Pattarnt of Scale« Formed on Ni-20Cr-1Gd.
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i-20Cr-ILa
7 DAY, AIR,!ATM

900oC
NiCr204
Cr208

NiCr-O-

I2000C

NiCr204
Figur« 10.
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Ni-20Cr-IY
7 DAY, AIR, I ATM

Cr203

Cr203

NiCr204

900oC

lOOOX

\zocrc

Li_AUUI^
Figure 11.
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X-Ray Diffraction Pattams of Scaln Formad on Ni-20Cr-1 Y.
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BACKSCATTERED
ELECTRONS

Cr

\Ofi

7 days l000oC

7 days I2000C

i-20Cr
Figure 12.

Electron Microprobe Analyses of Scales Formed on IMi-20Cr.
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BACK-SCATTERED
ELECTRONS

Cr

Ni

Gd

10/x
o

7dcys l000 C

7 days I2000C

Ni-20Cr-IGd
Figure 13.
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Electron Microprobe Analyses of Scales Formed on Ni-20Cr-1Gd.
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Figure 14.
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Electron Microprobe Analyses of Scales Formed on Ni-20Cr-1 La.
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BACKSCATTERED
ELECTRONS
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Electron microprobe Analyses of Scales Formed on Ni-20Cr-1 Y.
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Discussion
The addition of certain rare earth elements to Ni-20Cr results
In a marked reduction In the oxidation rate and Improved scale adherence.
The rare earths appear to stabilize Cr20- as the major film constituent
at the expense ot the NiCr^O, spinel.

There does not appear to be

a measurable amount of the rare earths in the films with but one
exception previously noted.
The explanation for the above observations is not clear
presently.

Previous investigators who studied rare earth effects

in Fe-Cr, Fe-Cr-Al, and Cr-base alloys have suggested various possibilities, none of which are satisfactory.

It is of Interest, however,

to explore one mechanism which has been dismissed for erroneous
reasons, that being the "doping" effect according to the Wagner theory.
It has been staged that

v

here should be no doping effect

because the valence of yttrium in Cr-0, is 3+ the same as for Cr3+.

The

Wagner theory states that only those elements having different valences
than the host cations can alter the oxide defect structure.
no difference what the element is—only the valence matters.

It makes
This

arises from the change in total charge by the incorporation of an
element having a different valence and the need to maintain electroneutrality in the crystal lattice.

Electroneutrallty is maintained

by the formation of or by the elimination of certain point defects^
depending on the system.

For example, a p-type semiconducting oxide

such at N10 (or Cr20„ if the suggested defect structure is correct)
will exhibit an Increase in the cation vacancy concentration when a
higher valent solute is added such as Al or Cr, but the cation vacancy
concentration will decrease upon the addition of a lower valent
element such as lithium.

These predictions are well-known and have

been experimentally verified many times.
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However, the above reasoning Is not complete.

Ic Is possible

to change the defect concentration even though the solute valence Is
the same as the solvent valence.

This situation can exist if the

oxides have a similar structure but different enthalpies of defect
formation.

A notable example Is NiO doped with Co.

Both NiO and

CoO have the NaCl-type structure and are completely isomorphous.
The enthalpy for cation vacancy formation in CoO is much lower,
however, than in NiO.

Thus, if cobalt is added to NiO the vact :cy

concentration in NiO will Increase because it is energetically more
favorable to form vacancies.

This is supported by the fact that the

oxidation rate of Ni-Co alloys is greater than that of pure nickel.
The parabolic rate constant is a function of the vacancy concentration
.,
which In turn effects the cation diffusion rate.
The addition of Y-O- to Cr-O

could actually result in a

decrease in the cation vacancy concentration because the enthalpy of
vacancy formation in Y-O- is greater than in Cr.O*.

This must be

established experimentally, but it is highly possible.
The second erroneous reason previously mentioned concerns
the level of yttrium in Cr.O..

If an oxide such as Cr-0- is not too

defective (which is actually the case), it must be extremely pure
to exhibit "intrinsic" properties.
impurities being representative.
anywhere near this purity.

Values of 0.01 to 1 ppm total
It is not possible to obtain oxides

Thus, Cr203 exhibits "extrinsic" properties

in which case the defect concentration would be inversly proportional
to the impurity content for a system in which AIL.

1

> AIL.

1

Even though the solubility of yttrium may be very low in Cr20«, e.g.,
100 ppnua level of only 10 ppm could result in

a ten-fold, hundred-fold,

or greater reduction in the vacancy concentration, depending upon the
intrinsic-extrinsic transition impurity level.

iiif-iiniimirir

mmi

IIBJ

•" ™m™'***~~~~mmmmmm

W^^^^

■MKW^POTMM

61

In order to check these hypotheses. It will be necessary
to discern If any yttrium dissolves In thci Cr_0

scale, and if It

does, what effect it has on chromium diffusion.

The former will

be established by careful point-counting with the electron microprobe, and the latter will be evaluated by Cr

tracer diffusion

measurements in Y-doped Cr-O,.
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Figure Captions
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.1.

Effect of testing method on the oxidation kinetics of Ni-20Cr-lGd.

2.

Comparison of x-ray diffraction patterns of oxide scales formed
on samples in Figure 1.

3.

Comparison of electron microprobe analyses of oxide scales formed
on samples in Figure 1.

4.

Oxidation kinetics of alloyP tested at 1000oC.

5.

Oxidation kinetics of alloys tested at 1100oC.

6.

Oxidation kinetics of alloys tested at 1200oC.

7.

Arrhenius plot showing temperature dependency of oxidation rates,

8.

X-ray diffractloi patterns of scales formed on Ni-20Cr.

9.

X-ray diffraction pattern* of scales formed on Ni-20Cr-lGd.

10.

X-ray diffraction patterns of scales formed on Ni-20Cr-lLa.

11.

X-ray diffraction patterns of scales formed on Ni-20Cr-lY.

12.

Electron microprobe analyses of scales formed on Nl-20Cr.

13.

Electron microprobe analyses of scales formed on Nl-20Cr-lGd.

14.

Electron microprobe analyses of scales formed on Nl-20Cr-lLa.

15.

Electron microprobe analyses of scales fromed on Ni-20Cr-lY.
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