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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 be used for the 
i1 following: 
1.  Preparation and characterization of Ni and Ni-20Cr alloy sheet. 

,2.  Synthesis of compounds Y~U_, TIC, S1»N. by reactive evaporation and their 
characterization. 
3.  Dispersion strengthened alloys.  Ni-20Cr-Y203, Nl-20Cr-TlC and Ti-Y20-. 

This report describes: 
1. The evaporation of a Ni-20Cr alloy from a single rod fed electron beam source. 
2. The effect of substrate temperature on the structure and properties of TIC 
piepared by Activated Reactive Evaporation. 

II.  The Properties of Rare Earth Metals and Alloys 
The oxidation behavior of Ni3Al and N13A1-0.5Y has been studied at 1200oC 

in air by thermograviemetric and x-ray analyses.  The presence of yttrium has little 
effect on the oxidation kinetics but markedly induces spalling of the film during 
cooling.  The effect of preoxidation has also been studied. 
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INTRODUCTION 

This report describes research activities on ARPA Grant No. AC 1643. 

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.  (Professor R.F. Bunshah - Principal Investigator) 

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

(Professor D. L. Douglass - Principal Investigator) 

In the following, progress on Tasks I, II and III is reported. 

Task IV has been completed and the final reporu is published in Part II 

of this report. 
* 
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?ART  I 

NEW TECHNIQUES FOR THE SYNTHESIS OF METALS AND ALLOYS 

(TASKS I, II, AND III) 

R.   F.   Bunshah 
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ABSTRACT 

I.  New Techniques for the Synthesis of Metals and Alloys 

The high rate physical vapor deposition (HRPVD) process is to 

be used for the following: 

1. Preparation and characterization of Ni and Ni-20Cr alloy sheet. 

2. Synthesis of compounds Y^, TiC, Si^ by reactive evaporation 

and their characterization. 

3. Dispersion strengthened alloys, Ni-20Cr-Y20 , Ni20Cr-TlC and 

Ti-Y203. 

This report describes: 

(1) Preparation of Nickel foil by HRPVD techniques and evaluation of 

its properties. 

(2) Experiments en high rtte deposition of Y^, TiC, Si.N, by direct 

evaporation and of Y^ and Sl.^ by reactive evaporation and activated 

reactive evaporation. 
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I.  Background 

High rate physical vapor deposition (HRPVD) techniques' 

are to be used to prepare metallic alloys, ceramics, and metal- 

ceramic mixtures (dispersion strengthened allovs).  The method 

consists of evaporation of metals, alloys and ceramics contained in 

water cooled crucibles using high power electron beams.  The process 

is carried out m a high vacuum environment.  The use of high power 

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

The vaporj are collected on heated metallic substrates to produce 

full density deposits at high deposition rates. 

There are three t^sks in this section: 

Task 1:  The preparation and characterization of nickel and Ni"20Cr 

alloy sheet by the high rate physical vapor deposition process. 

Task II:  Synthesis and characterization of compounds by Reactive 

Evaporation.  The compounds to be prepared are Yo0o, TiC and SinN,. 
t  J 3 4 

Task III:  Dispersion strengthened alloys produced by HRPVD Process, 

and their characterization.  The specific alloys to be studied are: 

A.  Ni-20Cr-Y203   B.  Ni-20Cr-TiC    C.  n-Y.O, 

Single source and two source evaporation methods will be used to produce 

these alloys. 

The HRPVD process has several retractive 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. 

D 
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C. Very fine grain s-'.zes (ly grain diameter or smaller) can be produced 

by controlling substrate temperature. Grain size refinement is 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/A" 

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.  It is 

richer In those components having a low vapor pressure.  The composition 

of the vapor is the product of the vapor pressure times the mole fraction 

of the component.  For example, a Ti-6A1-4V alloy deposit where the differ- 

ences 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 

T1-6A1-4V 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 01 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 condemnation temperature is a very 

(8) 
important process variable.  Bunshah and Juntz   found that for titanium, 

as the deposition temperature is .owered 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.   Since a fine grain sized 
3 
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microstructure represents an optimum condition of strength and toughness 

In a material, the importance of control over the deposition temperature 

becomes obvious. 

II.  Scope of Work and Progress in ReportinR Period (September 1, 1972 - 
February 28. 1973)   

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. Dnsign 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 if these tasks are essential preliminaries to the main scope 

of work.  They were completed and described in semi-annual technical 

(9) report No. 1.K  ' 

Two papers based on item B above have been published.   ,11^ 

A NEW process for the synthesis and high rate deposition of compounds 

(12) 
was developed.     The process is called Activated Reactive Evaporation 

and two papers  '   have been presented and accepted for publication. 

During this period several activities were carried out.  They are 

described below. 

1.  Experimental Variables in the Gas Scattering Plating Process 

The evaporation process Is a line-of-slght process since the mean free 

path of the vapor atoms is longer than the source to substrate distance. 

In many cases, it Is desirable to deposit materials on all sides of the 

object.   This becomes possible if the mean-free path of the vapor 

o 

0 
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atoms is made very small (a few mm) by carrying out the evaporation 

process in a relatively high pressure (1 to 100 microns) on an inert or 

reactive gas.  This is called the Gas Scattering 1'rocess.  The object of 

this part of the investigation was to explore the effect of Experimental 

Variables in the Gas Scattering Process.  This study consists of two 

parts.  The first part was concerned with the efficiency of the HRPVü 

process in the presence' of a gas and was presented as a paper at the 

International Vacuum Metallurgy Conference, T-rkyo, June 1973.  It is 

included as Appendix I to Part I of this report.  The second part, now 

in progress, is concerned with the effect of the gas on the morphology 

of the deposits.  This will be reported in detail in the next report. 

2.  Depositior of Ni-20Cr Alloy 

This work is almost complete and the results are excellent.  Table I 

gives the deposit morphology as a function of deposition temperature. 

It is seen that the Nl-20Cr deposits display all the thtee morphologies 

and the transition temperature agrees with the proposed model advanced 

by Movchan and Demchishin    and previously confirmed for Ni, Ti, W, 

Ai ,ü3, Zr02, TiC.     Table II lists the tensile data for the deposited 

alloy.  It is seen that the alloy exribits good strength and ductility. 

Furthermore, the yield strength increases markedly with decreasing grain 

size and a plot of yield strength vs. (grain size)~1/2 U  linear, thus 

obeying the Hall-Petch relationship.  From all of this data, it may be 

concluded that deposits of Ni-20Cr alloy produced by HRPVD techniques are 

indeed engineering Materials.  A comparison with cast, rolled and annealed 

material is bein- carritd out and a full statement on ;-his work will be 

issued with the next report. 
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Table II 

Depos it Morphology as a Function of Temperature 

Sampl e 
Deposition 
Temperature 0F 

Deposition 
Temperature 0K Morphology 

ß-17 
B-18 

1740 1223 Equiaxed 
Zone 3 

B-13 
B-14 

1400 1033 Equiaxed 
Zone 3 

B-15 
B-16 

1200 928 In transition 
between Zone 2 
and Zone 3 

B-19 
B-20 

800 698 Columner 
Zone 2 

Morphology Zone Boundary Temperatures. 
(Zone 1 - domed structure. Zone 2 - columnar. Zone 3 - Equiaxed) 

Melting Point of Ni-Cr = 1400oC 

= 16730K 

Zone 1 •*  Zone 2 at T, 0.3 T  (calculated)* 
m 

0.3 x 1673 502oK 

Zone 2 -»■ Zone 3 at T, = 0.45 T  (calculated)* ■ 

= 0.45 x 1673 = 750oK 

Ref. B. Movchan and M. Demchishin,  Phys. Metal. Metallov. 28, //4, 653 (1969) 
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3. Basic Study of the Activated Reactive Evaporation Process 

The Activated Reactive Evapora..ion Process was developed in 1971 on 

this contract (Semi-Annuai Progress Report No. 2).  The process as well 

as the results of the work on TiC deposition were published earlier.13'1^ 

Additional work has been undertaken to attempt to understand the detailed 

mechanisms occurring during the process,  using Langmuir probe measurements 

to supplement earlier X-ray and metallographic studies.  Tne experimental 

work is nearly finished and a full statement will be made in the next 

semi-annual report. 

4. Synthesis of Compounds 

a) Effect of Impurities on the Lattice Parameter ani Microhardness 
of TiC 

This study is currently in progress.  Its results will be relevant to 

other compounds synthesized and studied on this contract. 

b) Y20^  S/nthesis 

In the previous Semi-Annual Progress Report No. 5 (UCLA Eng-7328, 

March 1973) , the data on the synthesis of Y-O did not show a consistent 

pattern with change in experimental variables.  Quite often the presence 

of Y in Y203 was noticed from the X-ray diffraction analysis of the deposit. 

Microstructural examination was carried out and revealed gross areas of 

Y in these Y^ deposits.  It appears that "spitting" from the pool 

transfers minute droplets of Y to ths  Y^O- deposit and obviates the fear 

3 
that the reaction 2Y + j 02 ->■  Y20 was incomplete.  Further work on synthesii 

and mechanical property determination of Y 0 deposits is now in progress. 

III.  Future Work 

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

A.  Completion of the work on deposition of Ni and Ni-20Cr alloy sheets 

and a study of their structure and properties. 

. 

D 
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B.  Continuation of the work on the synthesis and testing of Y90„, TiC 

and Si,.N, by reactive evaporation and activated reactive evaporation. 

(;.  Initiation of the work on production of Ni-20Cr alioys containing 

dispersed phases by HRPVD processes from two evaporation sources. 

D.  Ccmpletion of the work on basic study of the ARE process. 

IV.  Perscnrel 

The following personnel have been working on this project in this 

reporting period. 

Principal Investigator - Professor R. F. Bunshah 

Post Doctoral Fellow: Dr. Harry A. Beale 

Graduate Students:  Mr. Rao Nimmagadda, Mr. Neil Kane and Mr. N. Agarwal 

Technician:  Mr. Fred Weiler 
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Synopsis 

• 

The effect of the presence of a gas during physical vapor 

deposition experiments using an electron beam heated source was 

studied.  Some of the parameters studied are reactive vs. non- 

reactive gases (including varying the process to include activated 

reactive evaporation; gas pressure; condensation rate vs. 

evaporation; the efficiency of plating on the back side of the 

substrate, i.e., non-line-of-slght from the evaporant source; 

and deviations from the cosine law distribution vs. gas type 

and pressure. The results show greater plating efficiencies 

with reactive gases than non-reactive gases at similar pressures. 

As expected, when the pressure is increased to high values (> 50u), 

the process efficiencies decrease. The efficiency for non-line- 

of-slght plating was found to depend primarily upon the atomic 

mass of the gas and secondly upon the gas pressure. 

15 Preceding page blank 
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There appears to be very little Information presented In the 

literature concerning the effects of gas scattering during physical 

vapor deposition (PVD).(1) The benefit of gas scattering during 

ion-plating has been noted/  but the credit for non-line-of- 

slght coating during ion-plating is usually attributed to the 

presence of the strong electric field required for the Ion-plating 

(3-4) 
process per se.      Other investigators have taken advantage of 

the principle of gas scattering of particles of atomic dimensions 

to obtain spit-free deposits. 5) It is the purpose of this 

investigation to study the experimental variables in gas scatter- 

ing in a mere complete manner than previously studied. 

To observe just the effects of gas scattering, it was 

nece-sary to eliminate the ion-plating and sputtering processes 

from the study, since, in these processes, the gas is being 

acted upon by a strong electric field.  This investigation was 

therefore limited to studying those PVD processes in which the 

gas is not acted upon at all by an electric field or only by a 

weak electrlr field.  The processes involved in this study are: 

1. Gas scattering evaporation (GSE).  In this process the 

act of evaporation occurs in the presence of an inert gas. 

The composition of the deposit is essentially the same 

as the evaporant source. 

2. Reactive evaporation (RE).  In the simplest form of 
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There appears to be very little Information presented In the 

literature concerning the effects of gas scattering during physical 

v.^por iepositlon (PVD).(1) The benefit of gas scattering during 

(2) 
ion-plating has been noted/  but the credit for non-line-of- 

slght coating during ion-plating is usually attributed to the 

presence of the strong electric field required for the ion-plating 

(3-4) 
process per se.      Other investigators have taken advantage of 

the principle of gas scattering of particles of atomic dimensions 

to obtain spit-free deposits. 5) It is the purpose of this 

investigation to study the experimental variables in gas scatter- 

ing in a more, complete manner than previously studied. 

To observf just the effects of gas scattering, it was 

necessary to eliminate the ion-plating and sputtering processes 

from the study, since, in these processes, the gas is being 

acted upon by a strong electric field.  This investigation was 

therefore limited to studying those PVD processes in which the 

gas is not acted upon at all by an electric field or only by a 

weak electric field.  The processes involved in this study are: 

1. Gas scattering evaporation (GSE).  In this process the 

act of evaporation occurs in the presence of an inert gas. 

The composition of the deposit is essentially the same 

as the evaporant source. 

2. Reactive evaporation (RE).  In the simplest form of 

 '  ^H^ MdMMMH --.. . -......—UfcMfcJ^^.*^-.W.....Jt,.M-.,. - . ^^H* 
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this process, an element is evaporated in the presence 

of a reactive elemental gas. The deposit is a compound 

formed between the two species. 

3.  Activated reactive evaporation (ARE).  ' This process 

is similar to the RE process except that here one or 

both of the reactants are activated, i.e., ionized to 

form a plasma. 

The obvious distinction between GSE and RE occurs when the only 

gas present, other than the evaporant flux, is an inert gas.  It 

is also possible to employ the ARE process configuration with 

only an inert gas preseni, or with no gas, other than the 

evaporant flux. 

The experiments were performed using an electron beam heated, 

1.0 in. diameter rod fed source.  The electron gun was a standard 

10 kv, 270° deflected beam type.  The beam current used to melt 

the commercial grade titanium A-40 evaporant was always maintained 

-A 
at 0.3 amp.  Since 5x10  torr is the highest pressure in which 

a thermionic emission type electron gun can be conveniently operated, 

a pressure barrier was built to make evaporation at higher pres- 

sures possible.  Other macro-details of the experimental apparatus 

have been published previously.   The substrate geometry is 

shown in Fig. 1. The relationship between a shadowing tab and 

the evaporant source is also displayed.  The surface on the back 

>   I 
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EVAPORANT SOURCE 

Fig.   1    Substrate and relevant  system geometry 

• 
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side of the 45° tab and the region on the large flat substrate 

behind the tab are effectively removed from line-of-sight dep- 

osition from the source.  The substrates were preheated to and 

then maintained at 550oC by a low voltage (20 v a.c.) incandescent 

tungsten wire heater. 

The experimental variables were: 

1. Type of gas —CLB., C^H^, 02, or Ar. 

-4     -3 -o 
2. Nominal gas pressure ~ 5x10 , 5x10  , or 2.5x10  torr, 

3. Xonization or no ionization, i.e., GSE, RE, or ARE. 

4. Source to substrate distance — 4 1/4" or 6". 

The results of the parameter variations were evaluated in 

terras of: 

1. Deposition efficiency. 

2. Deposit thickness profile. 

3. Coraposition of deposit, viz. Ti, Ti + TiC, TiC, or 

Ti02. 

4. Plating in a shadow, i.e., in a region not in a 

direct line-of-sight from the evaporant source to 

the substrate. 

Efficiencies 

The deposition efficiency of any of the evaporation processes 

is defined to be the rate of deposition of titanium onto a 6"x6" 

substrate at a specified source to substrate distance divided by 

19 
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the rate of evaporation from a 1.0 In. diameter molten pool being 

heated by an electron beam current of 0.3 amp. When the deposit 

was TIC, the efficiency is based upon the amount of titanium in the 

de'Tolt, .ombined and free, as determined by x-ray analysis of 

lattice parameters and the data of Storms. 

When Ar was admitted into the system, there was negligible 

difference between the efficiency of the GSE process and the 

ARE process.  The efficiency of both processes decreased 18% when 

-4      -3 
the pressure of Ar was increased from 5x10  to 5x10  torr. 

When C-H was admitted, the efficiencies were constant over the 

same pressure Interval, with the RE process being 8% more 

efficient than the ARE process.  For C?H., the efficiency of the 

ARE process decreased by 9% when the pressure was increased from 

-3        -2 
5x10  to 2.5x10  torr.  Efficiencies were not computed for the 

RE process using C.H. since no TIC was formed.  The results of 

all the experiments show that the efficiency of the ARE process 

in general is the same or slightly less than the RE or GSE 

processes. 

Profiles 

The deposit thickness profiles were always measured along the 

same diagonal across the square substrates, in the same direction, 

and plotted accordingly.  Figs. 2-4 present typical profiles. 

The dotted center section of each curve is where the tab was 
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located. The effect of source to subtrate distance on the 

deposit profile Is shown In Fig. 2.  These deposit thickness 

profiles deviate from the ideal cosine law distribution.  The 

deviation is exhibited by the reversal of curvature toward the 

edges of the profile.  The points of inflection are typically 

2 in. away from center, on either side, along the diagonal of 

measurement.  This deviation phemomenon is not due to any apparent 

geometrical constraint of the experimental apparatus.  Fig. 3 

shows profiles which are typical of the diffrrence between the 

RE and the ARE processes.  For the RE and GSE (not shown) 

processes, the deviation from the ideal cosine law distribution 

is still exhibited by the reversal in curvature in directions 

av/ay from center.  However, when the ARE configuration is 

employed with a gas present, reactive or non-reactive, the 

profile exhibits a single curvature, as shown in Figs. 3 and 4. 

Fig. 3 also indicates the slightly lower efficiency of the ARE 

process compared to the RE process.  The differences in deposit 

profiles in Fig. 4 are partially due to the complete formation 

of TIC when C-H. is used, partial formation, i.e., a mixture 

of Ti and TiC, when C-H is used, and only Ti when Ar is used. 

Therefore the volume or thickness of the deposits should increase 

in the manner shown when the carbonaceous gases are used, since 

the deposit represents more than just the evaporated material 

from the source. 

J 
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Figs. 5 and 6 present the profile data from several 

experiments in a more concise form to allow direct comparison. 

The data points were determined by measuring the total thick- 

ness deposited during the run at a specified point on the 

deposit divided by the rate of evaporation.  Consequently the 

data is independent of time.  Whtn no gas is present and the ARE 

configuration is employed, a Ti plasma exists above the molten 

pool and forms a cone which extends up to the substrate.  The 

increase in the thickness of the deposit toward the center of 

the substrate is a demonstration of the confining property of 

the plasma cone and is shown by a larger separation of the two 

curves. Ar is shown to be a very effective gas scatterer in 

either the GSE or ARE mode, as indicated by the decrease in the 

curves.  However, the profile is smoother for the ARE configuration, 

i.e., does not deviate from a single curvature as discussed 

above.  The latter point is indicated by the decreased separation 

between the two curves for the ARE experiment.  The thickness is 

greater when CJi-  is employed due to the formation of TiC and 

again the profile is smoother for the ARE process.  The saturated 

plasma experiments were performed by increasing the activating volt- 

age in the ARE experimental configuration.  This increases the 

density of the plasma by ionizing a greater portion of the 

evaporant flux.  The deposit profiles are smoother, but the process 

efficiencies have also decreased.  Fig. 6 shows that a similar 

» 
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' ' 
analysis applies for a shorter source to substrate distance. 

As expected for a shorter distance, Fig. 6 also indicates 

greater deposition efficiencies. 

Composition 

As indicated earlier, TIC was always formed when C?H was 

employed in the ARE mode while the formation was incomplete in 

the RE mode. TiC was only formed when C„H. was employed in the 

ARE mode.  TiO- was always formed when 0,. was ueed in either the 

RE or ARE mode. 

Shadowing Effects 

Fig. 7 displays the results of the scattering abilities of 

the various gases.  The scattering process becomes much more 

efficient as the mass of the gas molecule approaches that of 

the evaporant (Ti ~ at. wt. = A7.9 a.m.u.). There is a gradient 

in the profile of the deposit in the region on the large flat 

substrate which is located behind the 45° tab.  The deposit gets 

thim.er as the apex of the A50 angle is approached.  The deposit 

thicknesses were measured half-way between the apex and the 

forward edge of the shadowed region.  The presence of the gradient 

In the deposit is largely due to the height gradient presented by 

the tab being positioned at a 45° angle with respect to the large 

flat substrate. 
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After the mass of the gas, the next most important 

variable was the pressure of the gas. The thickness of the 

deposit in the shadow doubled when the pressure of C H, was 

-3        -2 
increased from 5x10  to 2.5x10  torr.  With Ar, plating in 

the shadow occurred at pressures as low as 5x10  torr, with 

thickness of the deposit increasing with pressure. 

Conclusions 

From the study, it Is clear that non-line-of-sight coating 

by evaporation is made feasible by utilizing gas scattering. 

For this purpose, ion-plating, which is a more complicated proc ss, 

is not necessary. 

This investigation indicates that non-line-of-sight plating 

is primarily influenced by the mass of the gas chosen for the 

scattering phenomenon.  The choice is dictated on a simple 

momentum exchange principle.  The second contributing factor is 

the pressure of the gas.  This choice is dictated by the amount 

of gas required to accomplish the desired degree of scattering. 
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ABSTRACT 

The high-temperature oxidation behavior of NigAl (Ni-13.2 w/o Al) with 
and without additions of 0.5 w/o yttrium has been studied over the range of 
900 to 1200oC in air. None of the coirmonly accepted rate laws were followed 
by the kinetics. Although the weight gains of samples containing yttrium 
were consistently 10 to 20% greater than those without yttrium, the steady- 

state scaling rates were identical. 

A quantitative X-ray diffraction technique was used to determine the 
kinetics of growth of the protective alpha-alumina layer (one of several 
oxides formed). The alumina growth followed the parabolic rate law under 
all conditions studied. The rate-controlling transport process n alumina 
was the enhanced diffusion of oxygen down grain boundaries. 

The presence of yttrium as nickel-rich intermetallics promoted the 
formation of nickel aluminate (spinel). A marked increase in scale ad- 
herence was observed for short times. At longer times, however, the outer 
layer of spinel and unreacted nickel oxide spalled off along with seme of 
the inner alumina layer. Loss of adherence was caused by a complex yttrium- 
aluminum oxide which formed by the solid-state reaction of yttria and alumina. 

The poor scale adherence on Ni-Al was due to the formation of voids at 
the alloy/oxide interface. These voids concentrated the athermal stresses 
above the oxide-to-metal adherence strength. The voids were produced as a 
result of the selective oxidation of aluminum resulting from a "Kirkendall" 
effect in the substrate. During the selective oxidation process, a vacancy 
flux directed from the matrix to the metal/oxide interface resulted in a 
supersatToration of vacancies. Equilibrium was naintained by the condensation 
of excess vacancies. The presence of yttrium as either nickel-rich inter- 
netaJ.lics or internal oxide prevented the voids from forming. The yttrium- 
rich particles relieved the matrix of vacancy super saturation by providing 
vacancy sinks. 

The chemical nature of the particles does not seem important. A 
necessary and sufficient condition for an effective vacancy sink appears 
to be the presence of an incoherent boundary between particle and matrix. 
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1.    INTRODUCTION 

The oxidation rates of nickel-base alloys fominp, protective 

a-Al-ü * oxides are lower than the rates of alloys forming other scales, 

e.g., NiO or CrJX.    The practical application of these alloys has been 

limited to 1000oC by poor creep resistance ana film spallation during 

themal cycling.    A new class of oxide-dispers'.on-strengthened alloys 

has elevated the useful strength capabilities  :o 1200oC.    Sutmicron 

thoria,  yttria, and ceria dispersions are commonly used.    The oxidation 

resistance of alloys forming protective Cr^O. scales is markedly improved, 

whereas,  the rates of alloys forming protective A1„0^ films are unaffected. 

However,  the resistance to film spallation is dramatically improved in 

the disjxirsion-containing alloys.    The effect is also enhanced        by 

the addition of minute amounts of rate earth or reactive metals to the 

more conventional alloys, but the responsible mechanism(s) have not been 

clarified. 

The concluding program has defined the mechanisms of scale adherence 

and spallation, and has characterized the oxidation behavior of certain 

alloys containing rare earth additions. 

2.    EXPERIMENTAL PROCEDURE 

^ 2.1    Sample Preparation 

High-purity nickel (99.99%) and aluminum (99.99%) were used for the 

base alloy;  0.5% yttrium (99.9%) was added to the base alloy.    One- 

hundred gram buttons were prepared by arc-melting on a water-cooled copper 

hearth in an inert argon atmosphere.    The buttons were turned and remelted 

six times.    Gettering of residual oxygen and nitrogen was accomplished 

by premelting a titanium button. 

Coupons were cut from the as-melted buttons and given a 24-hour 

I homogenization vacuum anneal at 1200oC.    Final sample preparation 

consisted of sanding through 4/o SiC paper and spark-erosion cutting a 

1.5mm hole for suspending the coupons in the thermogravimetric apparatus. 

A final vacuum anneal for 20 minutes at ■Jü0oC was performed to remove any 

9 work-hardening introduced by the polishing process. 

All subsequent entries of A1„CL are implied to mean the alpha-alumina 
or corundum structure. 
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The base alloy was single-phase Ni^AKy'). The aluminum composition 

varied between 12.9 and 13.2%. The matrix of the yttrium-doped alloy was 

single-phase Ni-AKy'). X-ray diffraction techniques revealed the presence 

of NigY and Ni7Y2 intermetallics in the surface layers. A verv weak 

^2^3 reflec'tion v,as observed. It appeared that some yttrium was con- 

verted to Y203 during fabrication and/or anneal ing. 

2.2 Oxidation Tests 

Isothermal oxidation was performed in one atm. air over the temperature 

range of 900-1200oC. A Harrop Thermogravimetric Analyzer (TGA) using a 

high sensitivity (0.05mg) electro-balance was used to produce continuous 

weight-gain/time curves for tests of two days* duration. Sample surface 
2 

areas varied between 4 and 9 cm . Tests of longer or shorter duration 

were perfonned in a 4-inch diameter, vertically noun ted Marshall furnace. 

Samples tested with this arrangement were intermittently removed and 

weighed. Scale adherence during thermal cycling was effectively ironitored 

by this method.  Initial and final weights were determined on a Mettler FI6 

analytical balance having an accuracy of 0.05mg. All samples were suspended 

by Pt-13%Rh thermocouple wire. 

Problems existed initially with the Harrop unit as there were no 

internal provisions for lowering the specimen from a protected cold zone 

directly into the hot test medium. Consequently, a specimen placed in 

tne furnace undergoes a non-isothermal, transient oxidation period that 

completely alters the scaling mode. Heat-up time to 1200oC was about 

30 minutes. The overall effect is to form copius amounts of NiO during 

heat-up, thereby altering the aluminum concentration at the alloy/oxide 

interface. A comparision of the isothermal oxidation kinetics with 

literature values would be invalid. Heating the sample in vacuum or in an 

inert gas to the desired test temperature, and then admitting the reactive 

environment, results in the selective oxidation of aluminum. 

Accurate balance zero points were also difficult to determine due to 

transient convection effects. These problems were circumvented by pre- 

oxidizing the samples containing yttrium (Ni^Al-0.5%Y) for one hour in 

the Marshall furnace. The sauple was then removed, weighed, immediately 

placed into the Harrop unit at about 300oC, and elevated to the desired 

test temperature. No spalling was observed with Ni-Al-O.SIY after the 
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one hour pre-oxidation. Samples of the base alloy, Ni-Al, spalled v^ien 

the one-hour pre-oxidation was attempted at 1100 and 1200oC. A crude 

but usable technique was developed to allow direct sample immersion 

into the Harrop hot zone already at temperature. Samples were dropped 

onto the hanging hook by an additional Pt-13%Rh wire vhile the suspension 

assembly was ridgidly secured by a third wire. Balance zeros were 

achieved within 30 to UO seconds with this method. Weight gains during 

this interval were minimal as the samples themselves required 75 to 80 

seconds to reach the test temperature. Additional samples of Ni-,A1-0.5%Y 

were also oxidized in this nenner. Excellent agreement was obtained with 

the samples that were pre-oxidized first. 

2.3 Analysis of Oxide Films 

X-ray diffractometer analyses were made on the "in-situ" scales 

and spalled oxides. A Phillips Norelco diffractometer was used with 

nickel-filtered copper radiation. The nickel filter was placed in the 

primary beam to reduce nickel fluorescence caused by CuK. radiation. The 
p 

signal-to-noise ratio was considerably increased. 

Certain samples of the alloy containing yttrium were intermittently 

oxidized and subjected to quantitative X-ray diffraction techniques. 

The scaling behavior during the transient periods was established as a 

tunction of time on the same sample. 

The surface morphologies of the "in-situ" scales were examined in a 

Cambridge Scanning Electron Microscope (SEM). A Kevex solid-state energy 

spectrometer was used in conjunction with the SEM to determine the distri- 

Iwtion of elements in the scales. The substrates were easily examined 

when the oxide had spalled. Substrates containing very adherent oxides 

wer'« examined by the following method. The sample was quenched from high 

temperature into liquid nitrogen and followed by scraping with a diamond 

stylus, or sharp blows on the sample edge with a hammer to remove the 

oxide, if necessary. The underside of the adherent A1?0 films (that 

next to the alloy) was examined by dissolving the substrate in a 10% 

bromine-methanol solution. The oxide was collected, washed, dried and 

mounted for analysis. 

All oxides prepared for examination in the SEM were vacuum-coated 

with silver to reduce the "charging" effects caused by secondary emission 
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coefficients less than unity. Lower accleerating voltages (5 to 10 KeV 

instead of 20 KeV) were tried, but resolution was poor, and the excited 

X-ray intensity was too  low because of the high absorptivity of silver. 

Some samples were prepared in cross-section and polished to 0.05y Al 0 , 

but this resulted in ambiguous polishing artifacts. Oxide had a tendency 

to "pull-out" and high resolution detail of the alloy/oxide interface was 

lost. 

3. RESULTS 

3.1 Thennogravimetric Analysis 

The isothermal oxidation curves fron 900 to 1200oC for the two 

alloys, Mi Al and Ni3Al-0.5%Y are presented in Figs. 1 and 2 as parabolic 

plots. No isothennal spalling was observed with either alloy. The 

preser.ce of yttrium increased the total weight gain by 10 to 20% at all 

temperatures. 

Although neitner alloy followed a strict parabolic time dependence, 

it ves instructive to compare the teraperature dependence o^ the steady- 

state scaling rates for both alloys. This temperature dependence of the 

steady-state scaling rate is shown as an Arrhenius plot in Fig. 3. The 

activation energy for both alloys was 46.8 Kcal/mole. The complex nature 

of the scales formed and the fact that the parabolic time law was not 

followed for the total weight gain over the complete time period precludes 

a detailed analysis of the Arrhenius plot. It is clear, however, that 

yttrium did not alter the steady-state scaling rate of NiJU.. 

3.2 X-Ray Diffraction 

X-ray diffractometer traces comparing characteristic low (900oC) 

and high (i200oC) temperature reales are illustrated for the two alloys 

in Figs. H and 5, respectively. The low temperature scales consisted 

ot an outer layer of NiO, an intermediate layer of NiAUO and an inner 

layer of Al^. Both alloys were intermittently weighed and reinmersed 

to the test tenperature. No .spalling was observed on NiJU.-O.SlY, however, 

at the end of 11 days, limited spalling occurred from Ni-Al. The high- 

temperature scales on both alloys spalled during cooling. The cxide 

formed on Ni^Al detached in large flakes, whereas that on NiJ\l-0.5%Y 
^ 3 
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spalled in very sna:i particles. Only Al^ was formed on Ni Al at 1200oC. 

The weak NiO reflection was caused by its formation during cooling after 

the A1203 layer had cracked  Contrasting the scaling behavior of Ni-Al, 

where only Al^ formed, was the appearance of a two-layered scale on 

^3^1-0.5Y. All of the NiO which had formed during the initial stages 

was completely converted to NiAl^. Five diffraction peaks were observed 

for the yttrium-aluminum garnet, Y3A150 (YAG). One weak peak from the 

distorted perovskite, YA103, was detected. Slow scanning at l/80/min. 

revealed a very weak peak from Y^ in the spalled outer oxide. Intensity 

measurements also indicated a larger percentage of YAG in the spalled 

oxide. This suggested that the YAG was present as discrete particles 

distributed throughout the A1203 layer rather than as a partial or continuous 

layer at the NiAl^/Al^ or Al^/metal interfaces. 

On the basis of the spalling behavior of Ni3Al-0.5%Y at 1200
oC, it 

was decided to determine if the rennining A1203 vjould remain protective 

to further oxidation. A sample was immersed at 1200oC for two days, and 

an X-ray diffractometer trace was obtained from the oxides remaining 

intact on the substrate. The sample was reimmersed at 1200oC for an 

additional 200 minutes. The remaining oxides wer« again analyzed by 

diffraction methods. The diffractometer traces are illustrated in Fig, 6. 

The appearance of NiO after reimmersion revealed that the AUO. layer was 

imperfect, and breaches in the film had occurred during the initial cool- 

down after two days. 

The development of oxides on Ni3Al-0.5%Y at 900, 1100 and 1200
oC 

was followed as a function of time using quantitative X-ray diffractometry. 

Fig. 7 shows the oxide development at 1200oC for periods up to four hours. 

The sample was used throughout the time period. It is clearly seen 

that almost all of the NiO was converted to spinel after four hours. The 

decrease in Y203 intensity correlated with the appearance and increase in 

YA103 intensity. After four hours at 1200oC, a diffuse peak of YAG 

appeared. At the same time, it was noticed that very limited spalling 

of the outer spinel layer had taken place. An analysis of the diffracted 

intensities from the various oxides revealed that the A120 layer was 

increasing parabolically in thickness. Fig. 8 is a plot of log peak 

intensity vs. log time for the various oxides. The intensities were 

I 
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obtained by slow scanning at l/80/min. Similar measurements were performed 

on samples oxidized at 1100 and 900oC. Fig. 9 shows the behavior in A1?CL 

development at the lowsr temperatures. The intensities were converted 

to oxide thickness by calculating the ratio of diffracted intensity 

produced by a layer having thickness X to diffracted intensity of a layer 

having infinite thickness. Intensities were corrvcted for outer layer 

attenuation and angle of incidence of the primry X-ray beam. A suranary 

of the procedure appears in the appendix. 

The parabolic rate constants calculated from this method are compared 

to the steady-state rate constants obtained from the thermogravimetric 

data in the Arrhenius plot of Fig. 10. An activation energy of 60.6 Kcal/mole 

was obtained for the development of Al 0 scales on NiJU-0.5%Y. 

3.1 Scanning Electron Microscopy and Electronprobe Microanalysis 

3.3.1 Ni3Al Base Alloy 

The oxides formed on Ni-Al at all temperatures spalled in large flakes 

during cooling. Oxides formed at 1200oC vjould readily spall after minutes 

of exposure, whereas, several hours at 1100oc or 1000oC or days at 900oC 

were required to produce the same effects. Fig. 11(a) illustrates the 

spalled oxide flakes remaining on the NiJ\l substrate oxidized for two 

days at in00oC. The light contrast effects on the flakes is due to 

varying NiO thicknesses. Regions appearing dark were analyzed as NiAUCL. 

Small voids can be observed in the substrate. Fig. 11(b) is a higher 

magnification view of the highly irregular substrate appearance. The 

effect of large conpressive stresses is noticed in Fig. 12(a), where 

flaking had occurred on Ni-Al oxidized 10 minutes at 1200oC. Void 

formation at the alloy/oxide interface is clearly illustrated in Fig. 12(b). 

AljCL was the only oxide detected. Higher i«solution micrographs indicated 

that the grain size at the AlJ^/gas interface varied between 0.2 and 0.4y. 

A spalled flake of alumina formed on Ni^Al for seven days at 1200oC 

was lifted from the substrate and fractured. Figs. 13(a) and 13(b) show 

the oxide surfaces at the Al^./ga^ and metal/Al?03 interfaces, repsectively. 

The filamentary protrusions in Fig. 13(a) were analyzed as Al^CL. The 

outer surface grain diameter was approximately 0.6y. The underside of the 

film, Fg. 13(b), illustrates numerous voids. The grain diameters (2 to Uy) 

at this interface were considerably larger than those of Fig. 13(a). 
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A cross-section of the fractured oxidt appears in Fig. 14. A higher 

resolution micrograph of the cross-section shows the filament's base and 

snail voids within the A1?0 film. Fig. 15. 

3.3.2 Ni^ Containing 0.5% Yttrium 

The adherent scale formed on Ni-Al-0.5%Y after two days' oxidation 

at 1000oC appears in Fig. 16. The grain boundaries of the underlying 

substrate are delineated by oxide that appears to protrude from the 

surface. Concentration profiles across t]ye  grain boundary oxide of 

Fig. 16(b) are shown in Fig. 17. The oxide above the grain boundary 

was NiAUO., whereas the adjacent surface oxide was composed of small NiO 

crystallites. Significant concentrations of yttrivin were not observed 

on the outer scale surfaces. A plan view of the adherent scale formed 

on Ni3Al-0.5%Y oxidized two days at 1100
oC, Fig. 18, was similar to that 

formed at 1000oC, Fig. 16(a). A larger fraction of NiO had been converted 

to NiAl2Ol4. 

During the study of oxide development on Ni„Al-0.5%Y, it was mentioned 

earlier (Section 3.2) that localized spalling occurred after four hours 

exposure at 1200oC. The surface of the sample used for diffraction 

analysis was examined in the SEM to determine the nature of spalling. 

The regions of scale failure would lie within a circular area having a 50p 

diameter. The region in Fig. 19 was typical. Concentration profiles 

through the area. Fig. 20, revealed yttrium and aluminum enrichment in 

the particle and stringer. The surface oxide next to the spalled region 

was predominately spinel with some unconverted NiO present. An analysis 

of the X-ray intensity emitted when the electron beam was positioned 

directly on the particle and stringer indicated they were primarily YAG. 

The adjacent substrate area, although sonewhat irregular, did not show 

evidence of void formation. 

Extensive spalling was observed after a sample of Ni.Al-0.5%Y had 

been oxidized for seven days at 1200oC. Numerous particles protruded 

from the substrate. Fig. 21 illustrates one such particle. Energy line 

scans indicated the particle was YAG, Fig. 22. Void formation in the 

substrate was absent. The substrate topography in Fig. 23 reveals only 
o 

the oxide imprints after the scale detached.    The small (< 1000A) particulate 

natter was most likely due to contamination effects. 

.; 
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Figure 24 Composite Scale Formed on Ni^Al-0.5%Y Oxidized for 
7 Days at 1200oC in Air. igflOX. 
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Concentration profiles (Fig. 25) were obtained through an area of 

composite scale that renained on the substrate {Tig.  2'0.    The two- 

layered scale consisting of an inner Al^ and outer NiAl 0  layer is 

indicated. An area rich in yttrium was revealed within the A1„0 layer. 

The fine-grained outer surface of Al-CL is evident. 

The substrate of a similar sample (1200oC, seven days) was dissolved 

in a 10% bromine-methanol solution. An intact portion of the composite 

oxide scale was examined for structural detail. Fig. 26 reveals the 

composite scale morphology of a fractured section. The columnar AI203 

grains are clearly illustrated as is the fine-grain structure apparent 

at the Al203/NiAl2Ol4 interface. No voids were observable in the Al 0 

layer at higher resolution althjugh some cavity fomation is evident 

in the spinel layer. 

4. DISCUSSION 

M.l Effect of Yttrium on the Scaling Behavior of NiJU. 

The addition of 0.5%Y to KijAl did not significantly alter the oxidation 

kinetics. Although weight gains 10 to 20% higher were observed, the 

steady-stat- scaling rates were identical. A conparison of scales formed 

on the two a leys oxidized at 1200oC for seven days offers an e.fplanation 

for the higher weight gains (Figs. 14 and 2U). Only Al^ was formed on 

Ni3Al. A composite Al^/NiAl^ scale on Ni3Al-0.5%Y resulted from the 

solid-state reaction of NiO and Al^. Nickel enrichment in the surface 

layers was caused by Ni-Y intermetallic decomposition during the early 

stages of oxidation. The aluminum content at the surface was effectively 

lowered below that required for exclusive selective oxidation, but greater 

than that required for internal oxidation. T]>c  aluminum content of the 

base alloy, Ni3Al, was greater than that required for exclusive selective 

oxidation. The effect of yttrium in the enhancement of spinel fo-nration 

, has not been conclusively demonstrated in past investigations. 

It has been variously reported that spinel layers are beneficial^2) 

(NiCr201+ on Ni-Cr alloys), and that they are detrimental
(3^ (CoCr„0 on 

Co-Cr alloys). The presence of NiAl^ on Ni3Al did not alier the oxidation 

rave. The similar oxidation rate constants for both alloys irdicated the 

rate-controlling transport mode was diffusion through A190V Tien and 
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Pettit   have indicated that alumina formed on FeCrAlY alloys by inward 

anion diffusion. Inert platinum rrvarkers placed on the alloy surface 

prior to oxidation were found at the oxide/gas interface after' exposure. 

Tien and Pettit   assumed oxygen diffused along the Al^CL grain boundaries. 

The yttrium-rich particles protruding from the substrate of Ni„Al-C.5%Y 

oxidized seven days at 1200oC offer dir-ect evidence of inward oxygen 

diffusion (Fig. 21). The anomolous behavior of artificial markers is 

circumvented by observing the positions of natural narkers such as the 

yttrium-rich particles. If aluminum cation diffusion were rate-controlling, 

the particles should have been located at the alloy/oxide interface. The 

measured parabolic growth of A1_CL on Ni-Al-0.5%Y allows a mechanistic 

interpretation of the transport mechanism. Fig. 27 compares the oxidation 

rate constants for alumina fonation of this study with the measured 

oxygen and aluminum ion self-diffisuion coefficients in A^CL. It is 

clearly seen that extrapolation of the high temperature data will result 
(5) 

in erroneous conclusions. Oishi and Kingery's   oxygen diffusion co- 

efficients were sensitive to impurities and structural effects. Above 

1600oC, a two-order magnitude increase in the oxygen diffusion coefficient 

was reported for polycrystalline A1203 (30u grain size) vs. single crystal 

alumina. Below 1600oC (l1+50oC for polycrystals), it was suggested that 
(5) 

diffusion was impurity and/or structurally controlled.    Paladino and 

Kingery's results  on aluminum-ion diffusion gave no evidence of en- 

hanced grain-boundary diffusion. Creep and sintering rates     of 

fine (2u) and coarse-grained (lOOy) Al^Og occurred at a faster rate than 

possible for the lattice diffusion of oxygen to be rate-controlling. The 

calculated diffusion coefficients indicated that bulk aluminum ion-diffusion 

was rate-controlling. From tne results of present and past studies, it 

is concluded that the enhanced grain-boundary diffusion of oxygen controls 

the oxidation rate of alloys forming AljO^ scales between the temperatures 

of 900 and 1300c:>C. An extrapolation of this mechanism to lower temperatures 

is not warranted. 

The scales formed on both alloys at lower temperatures (900-1100oC) 

were similar. The selective oxidation rate of aluminum was decreased to 

an extent that NiO formed during the initial stages of the reaction. The 

subsequent reaction of NiO and A1203 to form NiAl^ did not occur uni- 

formly over the sample surface. The adherent scales on Ni-Al-O.SIY formed 

for two days at 100üoC (Fig. 18) showed grain boundary delineation by 

■'"—        —^-^ 



NiAUO . The grain boundary spinel appeared thicker than adjacent oxides 

within the grain, Fig. 16(b). At 1100oC, the spinel covered a larger 

portion of the surface, but appeared to progress laterally from the 

boundary into the center of the grain. With sufficient time, the 

entire surface would be covered with spinel. It is significant that 

the alloys were still in a "transient" mode of scale development after 

two dayr> exposure. Samples of the bise alloy, NiJ\l, exhibited steady- 

state kinetic behavior sooner than those containing 0.5%Y. This indicated 

that rtore NiO was formed on NiJU-O.SlY at lower temperatures, and that 

transport through AijO^ governed the overall oxidation rate. 

The early appearance of spinel in the grain boundaries is expected 

if the rate of foming .i complete layer of A1?03 is slow. The alloy grain 

boundaries offer high diilusivlty putus for aluminum; AIJIL formation is 
01) 

enhanced in the griin i-tm.Uj'y surlace. Wood and Chattopadhyay   have 

noticed this efl<Tt with Ni-AI illnyu oxidized at 600oC. There is every 

reason to expect simil ir behavior at higher temperatures but with faster 

reaction rates. 

(12) 
The steady-state reaction rate constants are compared to Pettit's 

results in the Arrheniis Plot of Fig. 28. The absence of an inversion in 

reaction rate for the alloys of this study (13.2% Al) clearly illustrates 

that 13.2% Al is above that required for internal oxidation at all tempera- 
(13) 

tures. This agrees with Wood and Stott's   results on Ni-12.5% Al. The 

parabolic rate constants for AUCL fonnation on Ni-13.2% A1-0.5%Y of this 
(12) 

study are in excellent agreement with Pettit's   results for Ni-25% Al 

where AUCL was the only oxide formed at all temperatures. 

The filamentary protrusions growing fron the outer alumina surface 
o 

(Fig. 15)were approximately 5000A wiJe at their base. The thickness was 
o 

smaller than the microscope resolution, i.e., less than about ^OOA. The 

average density was about 10 /cm . This amounted to a surface coverage 

of only 0.02%. The whiskers most likely grew by a cation diffusion mechanism. 

Fischmeister   has indicated that dislocation pipe-diffusion may be a 

likely mechanism. The overall kinetics might be affected by whisker growth 

if a phase-boundary reaction at the oxide/gas interface is rate-controlling. 
(15) 

Numerous other mechanism   have been proposed. It suffices to state 

71 

mmmam mmm 



s; 

IN 00 ON o 
I I 1 

1 

c 
C 

•r-l 
^ 
c 
(■ 

"*' - i 
+■ -i 
Tl^y 
o . 

•r-l ■M 
X •i-l 
O 
gi 0' 

1 
a 

^ Mi 

0 
c: 

0 

• • H sP 

H M -p 
\ T) ^T 

J- QL 3 
O E n, 
,— 0 4) u QC 

-I-' <U 
o ^r 

r—1 ■*-' 

-»■■ 

3 • rH 

•H 5 
f" 

<I) ^ I 

£ < 
*-l 

kl ..-I 

< • 

QO 
C-l 

Oi 
M 
- 
0^ 

I I 

_1- 

I 

OBS-   w/  iu6    *   >)   box 

u. 

^n 

0 

./ 

J 

72 

■- ■«*■ m 11 t-ifcaa. 1 1 mmd^amam» ■ ■ ■ 



• 

that the growth of Al^CL filaments was an interesting side effect of 

the oxidation process and did not influence the overall reaction kinetics. 

4.2 Mechardsms of Spallation and Scale Adherence 

The scales formed on NiJU spalled extensively during cooling from 

the test temperatures. This effect was evident after minutes at 1200oC, 

while several days exposure at 900oC were required to produce the same 

behavior. In every instance, numerous voids were observed at the alloy/ 

oxide interface. The voids were replicated in the underside of an A19CL 

film formed for seven days at 1200oC. 

A narked but short-term improvement in the scale adherence was 

observed with Ni_Al containing 0.5%Y. Voids in the substrate were absent 

under all oxidizing conditions. limited spallation was observed after 

four hours at 1200oC. At the same time. X-ray diffraction techniques 

revealed the presence of yttrium-aluminum garnet, Y-Al.O-.^ (YAG), in 

the surface layers. The localized regions of film failure, Fig. 19, 

were always associated with yttrium-rich particles and stringers. Exten- 

sive spallation occurred on samples oxidized for seven days at 1200oC. 

Numerous YAG particles were observed to protrude from the substrate. 

Scale failure on NiJU was characterized by the detachment of 

large flakes, whereas, the scale on Ni~Al-0.5%Y spalled in minute 

particles. These results indicated that the mechanisms of spallation 

were different on each alloy. 

Dilational strains during cooling produced failure on both alloys. 

An approximate magnitude of the stress generated in the Al^CL film may 

be calculated from 

E &T((x     -a] 
ox \  ox   m/ 

ox 
1 + 2 ox 

m x m ' 

(1) 

where,      a      = the stress in the oxide ox 

E      = elastic modulus of the scale ox 
E      = elastic modulus of the metal 

L~. 
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t  = oxide thickness 
ox 

t  = metal thickness 
m 

a = oxide coefficient of thermal expansion 

a = metal coefficient of thermal expansion 

AT = temperature change 

A compressive stress of about 350,000 psi is created on cooling 

from 1200oC. Data used in this calculation are found in Table 1. An 

upper limit for the ultimate compressive strength of bulk polycrystalline 

A1203 is about 300,000 psi.
17) Douglass  ) has pointed out that a 

comparison of bulk oxide properties with those of thin films should be 

viewed with caution. Although some plastic flow in the substrate may 

reduce the dilational stress, the fact remains that the stresses generated 

during cooling are  enormous. The fracture stress of thermally grown, thin 

A1?03 films is propbably above 300,000 psi; the scales form on Ni-Al-0.5%Y 

did not spall until four hours exposure at 1200oC. 

74 

It is suggested that the voids observed in the Ni^Al substrates 

acted as stress concentrators. On cooling, the stress was elevated above 

the adherence strength (adherence strength is used rather than fracture 

strength as there were no indications that fracture was initiated within 

the A^CL films). Once the localized separation occurred at a void, 

the detachment of large oxide flakes resulted. The absence of voids in 

the NiJ\l-0.5%Y substrates indicated that the cause of separation was 

the large YAG particles. It is suggested that the physical size of the 

YAG particles act as stress concentrators within the A1203 film. The YAG 

particles are the result of a series of solid-state reactions between Y^O- 

and A1?0.. The transition of states required to form the YAG is discussed 

in detail in Section if,3. A crack initiated in either the YAG particle 

or in the adjacent Al^ propagates along the alloy/oxide interface 

and through the A^O^ film. The combined process of shearing YAG particles 

and alloy/oxide detachment causes the scale to spall in small particles. 

* 
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TABLE 1 

Miscellaneous Mechanical and Thermal Property Data 

4. 

Elastic Modulus Coefficient of 
Thenrßl Expansion Reference 

10" psi 
10"6 oc"1 

A1203, 50 17 

A1202) 9.0 31 

YAG, 8.0-9.0 32 

Ni3Al, 13.7 33 

•MMMMB 
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The various mechanisms that have been proposed for the increase in 

adherence are critically reviewed. The favored "key-on" effect ^■'■8"2-1-' 

is not convincing. This mechanism cannot account for the absence of voids 

at the alloy/oxide interface. This study has shown that the rate earth 

particles protruding from the substrate actually can cause film spallation. 

Thin layers of Y203 or YA10 , etc., could not be detected under any 

conditions. It is difficult to conceive how such a layer could form. 

Yttrium is effectively localized in the matrix as Ni-Y intermetallics or 

as ^2Q3' The ■'■ow sol^i^-ity and expected slow diffusion coefficients of 
yttrium in solution could not allow the fomHtion of such a layer during 

the time when the adherence effects are noticed, i.e., 10 mins. at 1200oC. 

Arguments based on increased A190„ plasticity resulting from yttrium 
(22) incorporation in the growing film are not adequate.    Alumina is 

strengthened by the presence of impurities. Radford and Pratt   doped 

Alo03 single crystals with 300 to UOO ppm Fe, Mg, Ti and Ni. Th. tempera- 

ture for the onset of plasticity in pure AUO was about 1200oC. The 

flow stress was increased by a factor of three and up to a factor of about 

thirty for Fe and Mg dopants, respectively. The incorporation of yttrium 

in AI2O- should have the effect of retarding high temperature deformation 

processes. Furthermore, a lack of plasticity is indicated by the persistence 

of a very-fine grain structure at the outer side of the A1„CL film formed 

on both alloys. The grain size increased frcm 0.3y to 0.6y over a period 

of seven days at 1200oC. 

. . (.7h) The  vacancy sink concept originally proposed by Stringer   is the 

only plausible mechanism for increasing scale adherence. Tien and Pettit 

verified Stringer's proposal with FeCrAl alloys containing yttrium and 

scandium. The adherence effects appeared to occur at reactive metal con- 

centration levels above and below the solubility limits in the matrix. 

It was proposed that the voids at the alloy/oxide interface were eliminated 

by two effects. TY .  large reactive metal atoms in solution formed atom- 

vacancy complexes with excess vacancies and the internal "rare-earth" 

oxides provided vacancy sinks. They did not identify the source of 

vacancies that condensed to produce the voids. It was suggested that the 

excess vacancies were associated «dth the selective oxidation of aluminum. 

■"■'"— id 
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The meclanism of transport through A120 , i.e., oxygen grain-boundary 

diffusion, cannot account for void formation in the substrate. A model 

is proposed to account for the creation of voids at the alloy/oxide 

interface. Two cases are considered: 

1. Exclusive selective oxidation of aluminum, 

2. AljCL formation after NiO establishes a ccriplete layer. 

For the purposes of illustration, the original substrate interface will 

not be treated as a moving boundary. 

Fig. 29 illustrates the diffuaional processes occurring in the 

alloy during the selective oxidation of aluminum N^, and NJL refer to th? 

bulk alloy compositions. The selective oxidation process results in 

aluminum depletion and nickel enrichment at the alloy/oxide interface, 

Fig. 29(b). The back diffusion of nickel occurs at a greater rate than 

the migration of aluminum to the surface, Fig. 29(d). A flux balance 

requires a net flow of vacancies to the surface, as in Fig. 29(e). The 

dislocation arrays in the natrix and grain boundaries may act as sinks 
(25) 

for some of the vacancies. '   If the degree of super saturation is not 

relieved by an internal matrix sink mechanism, the vacancies coalesce and 

condense as small voids, These voids will serve as effective sinks for 

subsequent vacancy fluxes. The voids grow to a size where they become 

effective stress concentrators during athermal conditions. 

Fig. 30 illustrates the manner in which voids form at lower temperatures, 

i.e., where the initial formation of NiO is followed by the development of 

an A1?0_ layer. The fornation of NiO results in nickel depletion and aluminum 

enrichment, Fig. 30(b). The final development of an AUO- layer drastically 

alters the atom fluxes. Aluminum is being depleted while the nickel con- 

centration is increasing at the alloy/oxide interface, Fig. 30(c). Voids 

will eventually develop after the vacancy flux exceeds, the saturation 

limit. 

It is expected that the voids will take longer to develop at the 

lower temperatures; the size and distribution should occur on a smaller 

scale than at high temperatures. These characteristics were observed in 

the present study. 
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Figure 29  Diffusional Characteristics in Ni^AI During 

the Selective Oxidation of Aluminum. 
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Figure    29      (continued). 
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The assumption of higher intrinsic nickel diffusivities is not 
(op.) 

without basis. Janssen and Reick   studied the behavior of numerous 

Ni-Al diffusion couples. Experiments with "inert" tungsten markers denon- 

strated a pronounced Kirkendall effect. The original interface of Ni Al-Ni 

diffusion couples was found at the boundary of the diffusion zone and pure 

nickel. Porosity was observed in pun' nickel after the diffusion anneal. 

These results indicated that D^/^ was approximately zero. The oxidation 

process wliich results in nickel enrichment and aluminum depletion in the 

Ni3Al matrix is analogous to a Ni3Al-Ni diffusion couple with one excep- 

tion. The area enriched in nickel does not have semi-infinite slab 

geometry. Consequently, the excess vacancies will condense at or near 

the free surface and not in the external A1„0 layer. 

A series of experiments were performed to verify the above rrodel. 

A sample of the base alloy, Ni3Al, was aluminized in order to produce an 

artificial concentration gradient in the surface layers. High-purity 

aluminum was vapor-deposited on one-half of the sample's side. A diffusion 

anneal vas performed for six hours at 1200oC in ultra-high purity nitrogen. 

The sample was polished on ly diamond paste to remove al] diffusion-affected 

zones except the NiAl(6) phase. The aluminum concentration at the surface 

was between 28 and 31%A1. The ttdckness of the NiAl(6) phase was approx- 

imately 8y to lip. Cyclic oxidation was then performed at 1200oC. The 

sample was iiimersed for four hours during each cycle. No spalling was 

observed on the aluminized portion after two cycles, i.e., cooling after 

four and eight hours, inspectively. The unaluminized area, N:LA1, 

spalled .after each cycle. An additional four-hour cycle resulted in 

severe spalling of the aluminized section. Numerous voidf; were observed 

in the substrates of both areas. A valid comparison of the voids formed 

on each area would require continuous exposure where only AUCL formed: 

cycling of the NigAl area resulted in composite layer formation. A 

similar sample was exposed for 12 hours and cooled. The substrates 

were examined in the SEM. Fig. 31 reveals the nature of void formation 

in each area of the sample. Very small crystallites of nickel oxide 

nucleated during cooling. The voids fomed on the Ni Al section. Fig. 31(a), 

were irregular in size and distribution. It is clearly denonstrated that 

O 

H 
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numerous voids penetrate into the substrate. The voids forroed in the 

aluminized substrate were uniform in .size and distribution, Fig. 31(b). 

Penetration into the Substrate la not as pronounced as that obs< rved 

with the unaluminized section. These results are consistent with the 

proposed model of void formation by the high vacancy flux directed 

towards the alloy surface. 

The vacancy sink concept proposed by Stringer   can be understood 

now that tne source of excess vacancies has been identified. A particle 

which has an incoherent boundary with respect to the matrix should bo a 

potent sink for vacancies. The interface between particle and matrix is 

analogous to a high angle grain boundary. These regions will act as 

preferred sites for vacancy condensation. The excess vacancy flux to 

to the surface is annihalated by condensation on these interfaces. The 

condition of vacancy supersaturation within the matrix is never' reached, 

hence, voids cannot be formed near the alloy/oxide interface. 

4.3 Oxidation Mechanism of Ni A1-0.5%Y 

A mechanism is proposed to account for the differences in the high- 

temperature scaling behavior and spalling characteristics of the two 

alloys. Fig. 32 illustrates the development and breakdown of the protective 

A1203 scale on Ni3Al-.5%Y at 1200
oC. 

Upon exposure at temperature, no oxides may nucleate until the activity 

of oxygen in  the substrate is raised above the respective oxides' dissoci- 

ation pressure. In the base alloy, only A1?0 was formed at 1200oC. The 

Ni-Y intemetallics and aluminum compt-jte for oxygen. Oxygen diffuses much 

faster into the alloy grain boundaries than in the matrix. Oxygen in the 

grain boundaries than in the matrix. Oxygen in the grain boundaries with 

NigY or1 Ni-Y in the following manner 

2 NigY + 30 ^ Y203 + IP Ni (2) 

The nickel freed by this reaction cannot react with dissolved oxygen 

as the oxygen activity is too low to permit NiO-0-Ni equilibrium. Nickel 

diffuses rapidly to the surface where it is converted to NiO, Fig. 32(a). 

The extremely rapid surface diffusion at high temperatures will have a 
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Figure 32  Schematic Dpvelopment of Oxides 

on NKAl-O^Y. 
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Figure 32  (continued) 
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smoothing effect of the NiO accunmulation above the grain boundaries. 

At lower temperatures, more NiO will be concentrated above the grain 

boundaries (cf. Figs. 16 and 18). Although sane discrete nuclei of 

Al^CL have formed, the intemetallic decomposition has upset the local 

oxygen activity. Further Al^O^ formation is momentarily retarded until 

the oxygen activity can be raised. In Fig. 32(b), NiO has coalesced to 

form a complete layer. A dense zone of AUO- has formed and begun to 

coalesce. Oxygen is supplied to the alloy by NiO dissociation and 

oxygen transport through the NiO layer. NiAl„0 forms by the solid-state 

reaction of NiO and filS)^.    In Fig. 32(c), AUO- has formed a complete 

layer. The growth of NiO is effectively halted.  ^0^3 confimes to 

grow by the diffusion of oxygen down grain boundaries. The inward 

alumina growth has begun to incorporate the y?0„ particles. At this time, 

aluminum depletion and nickel enichment cause the bulk alloy diffusional 

processes to produ.e a high vacancy flux directed at the alloy/AI^O- 

interface. Excess vacancies condense on the incoherent particle boun- 

daries (Y0O0 or Ni-Y intermetallics.) 

During the approach to steady-state conditions. Fig. 32(d), yttria 

reacts within the AUO- film to produce YA10_ by the reaction 

Y203+A1203^ IYA103 (3) 

There is a negative volume change associated with the fomation of  YAIO,. 

The specific volumes as calculated from the X-ray density arc: 

53.1 cm3/iiole(Y203) and 30 cm
3/ncle for YA103.

(27) 

The steady-state scaling mode is reached in Fig. 32(e). NiO has 

been completely converted to spinel. A further transformation has 

occurred within the alumina layer. YAIO^ reacts with alumina to produce 

the yttro-gamet, Y_AlrO,?(YAG), according to 

3YAIO3 ♦ Al203 ^ Y3A15012 «0 

A positive volume change is associated with YAG femotion. The specific 

volume of YAG is 130.5 cm /mole.  ' The decrease in YA10. X-ray intfnsity 

and corresponding increase in that of YAG indicated that YA10. was in 
.... (28) 

metastable equilibrium with respect to the YAG. Warsliaw and Roy 
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observed this netastable characteristic of YA103 in their study of the 

Y203-A1203 phase diagram. 

When the alloy is cooled after long exposure times, Fig. 32(f), the 

YAG particles concentrate the dilational stresses. Cracks initiate next 

to the YAG particles and propagate throughout the entire composite scale. 

I 

5. CONCLUSIONS 

The addition of yttrium to Ni3Al did not significantly alter the 

oxidation kinetics. The steady-state scaling rates of NigAl and NigAl 

containing 0.5%Y were identical. The presence of yttrium, however, 

allowed a disproportionate amount of NiO to form during the early stages 

of oxidation. The subsequent solid-state reaction of NiO with A1203 

resulted in a composite scale consisting of I\'-'H1204 anc' AljOg. 

A quantitative X-ray diffraction technique was used to detemine 

the kinetics of growth of the A1203 layer (one of several oxides forroed). 

The alumina growth followed tie parabolic rate law under all conditions 

studied. The rate-controlling transport process was the enhanced diffu- 

sion of oxygen down grain boundaries. 

At 1200oC, only A1203 formed on Ni3Al; whereas, a composite scale 

of alumina and spinel formed on Ni3Al-0.5%Y at 1200
oC. A comparison of 

the steady-state scaling rat-,s and the parabolic growth kinetics of A1203 

indicated that alumin?. was considerably more protective than NiAl^. 

Scale adherence was greatly enhanced for short-times on the alloy 

containing yttrium. At longer times, however, adherence was lost. Yttrium 

was originally present in the matrix as nickel-rich intermetallics. Y203 

was formed by the reaction of Ni-Y interroetallics and dissolved oxygen. 

The subsequent incorporation of Y203 into the growing A1203 layer was 

followed Ly the formation of Y3A15012 (yttrium-aluminum garnet). The large 

YAG particles concentrdted the stresses developed during cooling, and 

spalling was observed. 

The cause of spallation fron the base alloy, Ni3Al, HU the formation 

of numerous voids at the alloy/oxide interface. Voids '■.ere not observed 

in the substrates of the alloy containing yttrium, ihe short-time increase 

in scale adherence on Ni3Al-0.5%Y was attributed to the absence of these 
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voids. The mechanism of enhanced scale adherence was associated with a 

vacancy sink model. The previously reported mechanisms, i.e., "key-on" 

effect, YA10- or Y?CL layer formation, and increased A^CU plasticity, 

are not valid. The source of excess vacancies required to form voids at 

the il-uoy/oxide interface was identified as that resulting from a 

"Kirkendall" effect associated with the selective oxidation of aluminum. 

The rapid diffusion of Ni into the matrix requires a counter-current 

vacancy flux directed towards the alloy/oxide interface. The vacancies 

accumlate near or at the substrate interface. When tl e matrix saturation 

level is exceeded, the vacancies coalesce and condense as voids. The 

yttrium-rich particles in the natrix dilute the vacancy flux by providing 

vacancy sinks. 

The sink mechanism appeared to be independent of the chemical nature 

of the particle. It was suggested that the site of vacancy annihalation 

was the incoherent boundary between the particle and natrix, and not the 

particle i cself. 

.' 
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APPENDIX 

The following method was used to calculate oxide thicknesses from 

X-ray intensity measurements: 

Fig. 33 illustrates the sample geometry used in the diffractometer 

measurements. An incident X-ray beam strikes the surface of a sample having 

flat-plate geometry. The angle of incidence is at the Bragg angle, Gg, 

defined by Bragg's law as 

2 sin G,-,     1 
iJ (b) 

Jhk)l 

where    X wavelength of incident radiation 

interplanar spacing of diffracting planes having Miller 

indices h, k, and I. 

The diffracted intensity by a layer of length i,  and thickness dx, 

located a distance x below the surface will be attenuated over the distance 

BC. The incident beam is similarly attenuated over the path length AB. 

Let a equal the volume fraction of particles having the correct orientation 

for diffraction (the number of particles varies with preferred orientation), 

and let B be the fraction of incident power which is diffracted by the 

atoms per unit volume. Porosity will affect the magnitude of 3. The 

differential of the diffracted power measured outside the sample mav be 

A  w <29) 
expressed by 

d   o 
a3£ expT-i^AB + Bcjl dx (6) 

where I = power of incident X-ray ^e^m 

y = linear absorption coefficient. 

From the flat-plate geometry, it is seen that 

I  = AB = BC = 
sin G B 

sin G B 

(7) 

Substitution of Eq.   (7)  into Eq.   (6) yields the following: 
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dl   = i     SL—    eJ.   21*     \  dx d       o   sin 0B "^    sin 0B/ (8) 

Ir.tegration of Eq.   (8) gives the diffracted intensity of a layer having 

thickness x as 2ux 

(aß)       / " sin 0. 
Id(x) ■   T \, 

o      2\i 1 - e H 
(9) 

Tlie diffracted intensity of a layer having "infinite" thickness is 

(o0L 
d     o    2\i (10) 

Tl-ie ratio of these intensities nay be used to calculate the thickness 

of a finite layer. Define this ratio as G(x), given by 

2IJX 
I,(x)    (aß) 

G(x) = TVT = TlPr-  \ 1 - e I A00) (aß) Q oo 

sin 0, B 
(11) 

The subscripts x and <* are used on the aß product as the orientation 

and density of the thermally grown oxide film (x) may differ from the 

standard which has an effective infinite thickness («O. Methods of 

correction will be discussed later. 

The normalized integrated intensities of the standard and oxide 

film may differ due to particle size and strain-broadening effects. 

An integral breadth is def'ned as 

/ 
20-, 

202 

I.(20)d(20) 
d 

B(20) = 

p   B 

(12) 

where 20^^ and 202 are the diffractometer angles at which the "tails" of 

the diffraction peak are no longer distinquishable from the background 

intensity; I  (2Qn^ is the rraximum intensity recorded. 
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If the integral breadths of oxide film and standard are similar, 

i.e. 

B(20) = B(20) 
x       "> 

ther oru. / peak intensities need be used. 

(13) 

The formation of composite layers requires additional corrections. 

If an alumina layer is covered by NiO, the intensity ratio function G(x) 

is corrected by /    2yx 

G(x) 
A1203 

(aß) 

(aß) 

s.in 0g 

,1 - e fAL2C3 (14) 

A1203 

2(yx) 

sin 0 
NiO 

B 

where (ux)Ni0 refers to the absorption coefficient and thickness of NiO 

thickness of NiO. 

Alumina consumed by the spinel reaction is calculated by analyzing 

the decrease in NiO intensity. This effect is important only at the 

higher temperatures. 

Eq. (11) may be simplified for the case of thin, <2)j, oxides by using 

. 

O 

-v 
l-e-sjy    ,    y«l 

The simplified form of Eq.   (11) is 

G(x) 
(<*)        2y 

(aß)       sin 0D a> B 
X 

At constant diffraction angle, let 

(15) 

(16) 

O 

G(x) = ((> X 

where 
(aß) 

$ = (aß)        sin 0n 00 B 

(17) 

(18) 

A comparison of the square of Eq.   (17) with the parabolic rate law, 

X    = Kpt, yields the following result 

G2(x) = (|)2 Kpt (19) 
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A log-log plot of G(x) vs. t should give a slope of one-half if the 
9 

parabolic rate law is obeyed. Alternately, a plot of G (x) vs. t will 
2 

give a straight line whos:; slope is ^ K if parabolic kinetics prevail. 

The factor a for both oxide film and standard is evaluated by com- 

paring the measured integrated intensity (peak/height was used since the 

breadth of all peaks remained unchanged) with the calculated or theoretical 
(?9) integrated intensity for a random powder sample. Warren "  has outlined 

the detailed procedure for this calculation. Pronounced orientation 

effects are greatly reduced by averaging several diffraction peaks of both 

oxide and standard. 

A correction for density is made through the factor 3 if the oxide 

scales or standards show porosity. Dense, >99%, bulk samples were used 

for the standards. Scanning electron micrographs indicated that the 

thermally grown oxides were conparable in density to the standards. 

A self-consistent method was used to ch'jck the calculated composite 

layer thicknesses. The measured attenuation of the substrate reflections 

(always present) was compared to that expected from the calculated composite 

layer thicknesses. 

The substrate a^tenuatioi is given by 

O ID(t) 

TJt^) '- exp ;in 0 ? CO ^ x[ (20) 

where   ^n^ = s^3"^^6 intensity at time t 

l~(t=0) = substrate intensity prior to oxidation 

0 = Bragg angle for the substrate reflection 
s 

(51- mass absc-ption coefficient of the i  layer 
• th 

p. = density of the i  layer 

t. = thickness of the i  layer. 

The substrate attenuation calculated by Eq. (20) agreed within 15% to 

that measured. This agreement was considered very good. 
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