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ABSTRACT 

The chemical diffusion coefficient of oxygen in Nb-O,. at 96/ C, in 1.67/1.00 mole ratio 

TiC^Nb-Oc niobate at 8190C and in a 2. 85/1. 00 mole ratio HfOjtN^CX niobate ot 

786, 983, and 1192 C were determined using a thermogravimetric technique whereby the 

rate of change of oxygen composition was measured as a function of time as equilibrium was 

being achieved with a constant oxygen partial pressure.   The chemical diffusion coefficients 

measured were dependent on the deviation from stoichiometry as well as temperature.   The 

variation of the chemical diffusion coefficient is thought to be the result of the formation of 

various equilibrium phases formed as a result of the oxygen deficiency of the niobates.   NiO- 

NbjO- and ALO^-Nb^O,. systems did not show indications of nonstoichiometric behavior as 

did the niobates containing Ti02 and Hf02.    The oxidation behavior of niobium alloy B-l 

(Nb-15Ti-10Ta-10W-2Hf-3AI) is reported for temperatures of 800, 1000, and 1200OC.   The 

parabolic rate constant for the B-l alloy was found to be 

L   -a 9/4.1 A    in-7\         r48'000 + 9/500cal 1       2/    4/ • k   = (4. 24 + 1.6 x 10    ) exp    -          mg /cm /mm 
RT 

Chemically active Ti was found in one of the reaction layers between the oxide and metal 

substrate using electron   microprobe techniques.    Oxidation behavior of Nb in air is shown 

to be a function of preoxidation treatment in low oxygen partial pressures and can be related 

to the amount of NbO formed during the pretreatment exposure. 

IX 
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I.  INTRODUCTION AND SUMMARY 

This study was initiated to investigate the feasibility of modifying oxide defect structures to 

enhance oxidation protection of elevated temperature structural materials.   Materials capable 

of performing at temperatures in excess of 2000 F in oxidizing environments without de- 

gradation are being demanded for use in air breathing propulsion engines and power gener- 

ation systems.  The great ma|ority of the research effort to provide materials capable of 

fulfilling the requirements of structural integrity at elevated temperatures and in oxidizing 

environments have involved attempts to increase oxidation resistance by adding additional 

alloying elements to the basic structural material or by coating the basic structural alloy 

with an oxidation resistant material.   However, alloying to obtain oxidation resistance, 

in most cases, alters the mechanical strength and ductility of the base structural material 

while coating to obtain oxidation resistance requires the application of a foreign refractory 

compound which must adhere to  but not react with the structural substrate.   In addition, 

coatings are also subject to damage by thermal shock and physical impact.   It is generally 

held that coatings,which are necessary to insure structural integrity, are not acceptable; only 

coatings which will prolong lifetimes are currently used in most applications. 

The approach for providing oxidation protection being investigated in this program is con- 

sidered rather unique in light of the prior research and development programs reported in 

the literature.  Techniques are being investigated which are designed to modify the defect 

structure of equilibrium oxides which are characteristic of the parent structural material.   In 

this way an improvement in oxidation resistance can be realized without changing the struc- 

tural and mechanical properties of the substrate or adding additional phases or compounds to 

the system.   Modifying the parent oxide to decrease the transport of onions and cations 

through the lattice, or to improve the adherence between the oxide and the substrate by 

stabilizing a denser oxide phase will improve the oxidation resistance. 



The Phase I study has shown that high pressure high temperature exposure of Nb_0_ does 
(1) 

produce a denser phase that maintains its characteristics after quenching to room temperature 

However, it has not yet been possible to investigate the stability or the transport properties 

of the quenched phases.   In addition, two different preexposure treatments have been shown 

to result in reduced oxidation rates in air for alloy B-l (Nb-15Ti-10W-10Ta-2Hf-3AI).   The 

first preexposure in 20 torr oxygen at 650 C caused a decrease in the oxidation rate in air 

at 1040 C when compared to an untreated B-l alloy.   The second method of pretreatment 

involved an oxidation exposure at 2400 F in air for one hour which improved the oxidation 

during exposure to air at 2200 F    .   Also, during Phase I the ability to form mixed oxide 

structures on Nb, To, and the B-l alloy at low temperatures was demonstrated.   A tapiolite 
3+ 

(rutile) structure was formed on these materials in an aqueous autoclave doped with Fe 

(ferric) ions.   While these experiments have shown that altering the oxide structure is possible, 

the maximum potential of these various techniques has yet to be demonstrated. 

The literature was also reviewed during Phase I to determine if any measurements describing 

the rate of diffusion of oxygen through mixed refractory metal oxide scales had been reported. 

This review showed that this kind of information does not exist.   Concurrent with this lack of 

diffusion data is an incomplete understanding of the defect structures and transport mechanisms 

which control the diffusion of oxygen through these scales.   Resulting from this review, the 
(3 4) 

published compilations   '     of transport properties of oxygen through the oxides of various 

high temperature structural materials were brought up to date. 

Much of the available oxide diffusion data has been compiled and calculated for purposes of 

direct comparison and is presented in a later section.   In analyzing this data, one must con- 

sider the experimental techniques used as well as the degree of refinement used to characterize 

the material under investigation.   In addition, there are large discrepancies between inves- 

tigations on the same oxide material.    However, the data available does give a good indication 

of the relative transport properties of the oxides. 
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It becomes necessary to know and understand the transport processes in these oxides if one 

is to engineer a protective oxide.   In addition, the plasticity of oxides must be controlled, 

and work in this area is being actively pursued     .   One must know whether an ideal oxide 

structure possesses sufficiently slow oxygen transport properties to provide a protective film; 

for if one can achieve a degree of adherence between an oxide and its substrate, the rate 

of onion or cation transport through the oxide still determines the rate of oxidation protection 

afforded by the oxide.   A knowledge of this transport rate is therefore essential when 

choosing systems for further investigation; for even if one could guarantee and achieve a 

coherent oxide-substrate system, oxygen transport rates will ultimately determine the rate 

of oxidation. 

As a result, primary effort during Phase II was therefore directed toward examining the chemical 

diffusion coefficient of oxygen in mixed niobates, namely Nb^O, + TiO~, ZrO?, HfO?, 

ALO«, Cr^O-, NiO, Co«0,, Fe^O^, and V^O,..   Binary oxide compositions were selected 

to form single phase compounds based on the work of Goldschmidt    . Mixed oxide discs were 

prepared by mixing, cold pressing, and sintering the elemental oxide powders.   Transport 

rates were measured at 800, 1000, and 1200 C in oxygen partial pressures between 0.20 atm. 
-22 

and 10       atm. 

The rate of change of weight due to oxygen removal was determined continuously using a 

Cahn RH recording microbalance.   Of the oxides mentioned above, TiO«-Nb„0-, HfO~- 

Nb-0_, and Nb^O. exhibited deviations from stoichiometry as a function of oxygen partial 

pressure.   Two separate NiO-Nb^O- systems showed no deviation from stoichiometry until 

an apparent reduction reaction began and then very large weight losses were recorded. 

ALOg-NbjOc exhibited a mixed behavior which has yet to be rationalized.   The remaining 

sytems will be evaluated during Phase III of this continuing program.   The phases, which 

exhibited regions of nonstoichiometry, also exhibited sufficiently large oxygen diffusion 

coefficients to disqualify them from consideration as an oxygen diffusion barrier. 



In the case of NiO-Nb^O- the oxygen partial pressure at which reduction began indicated 

that the oxide phase would not be stable, i.e., would give up ox/gen when in equilibrium 

with Nb.   In systems where no weight change due to oxygen pressure was measurable, the 

thermogravimetric technique could not be used to determine the oxygen diffusion coefficient. 

Values of the chemical diffusion coefficient D measured during Phase II are listed in Table I. 

These values must be considered as preliminary values until the reproducibility of the blank 

runs can be rechecked.   The power dependence of the deviation from stoichiometry on the 

oxygen partial pressure can be used to illuminate the defect structure and oxygen transport 

mechanism if it can be established that the system is single phased over the experimental 

range of oxygen partial pressure and temperature. 

A series of B-l alloy samples were oxidized in air at 800, 1000, and 1200 C for various 

time periods.   Microprobe traces of the Ti profile across the oxide-metal interface were 

made, the results of which depended on the metallographic sample preparation.   Oxidation 

kinetics for these conditions are presented. 

X-ray studies of preoxidation scales on Nb and subsequent air oxidation results indicate 

that slowest oxidation rates are dependent on the formation of NbO structure. 



TABLE I.   VOIUM of fh« Chemical Diffutioo Coafficicntt for Oxyg«r> 
In NbjOj and Othar Nlabot« 
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iTtmolntoival Initial ;     Final 
Ovar Which Doviallen Front Equilibrium Equilibrium 

5 DWa$ SlolchlafiMtry 1      Oxygon Oxygon 
Syttwn 

(10'7 cm2/»«c) 
Moaurad Nb206.x Pmturo Pronuro fomporatur« 

fa Mol« Ratio (••c) (molMOxygan) (aim.) (atm.) 

36.6 
6.99 

280 
3520 

0.00177 
0.00325 

4.35 xlO"2 3.7 xlO"'2 967 

Nb205 
27.0 
36.8 

400 
1100 

0.00643 
0.0112 3.7 xlO"12 6.45 xlO'15 967 

9.8 
2.03 

1100 
10,900 

0.02713 
0.0360 

6.45 xlO"'5 3. 3 xlO''7 967 

DoviaHon From 
Stoichiamotry 
Milligrams of 

Oxygon 

2.00 53,000 1.86 
.9 

5.75x 10 4.6 x lO"'5 819 

1.67:1.00 

62.80 
27.70 

500 
700 

2.12 
2.20 4.6 x I0'15 -lit 

6.06x10   0 819 
13.30 4800 2.332 

TI02:Nb205 33.3 
25.6 
10.3 

500 
1700 
3800 

2.592 
2.812 
3.004 

6.06x lO-'8 4.9xI0-20 819 

7.7 7000 0.276 6.6xl0''6 -22 
8.69x 10 " 786 

36.6 600 0.072 3.1 x 10'2 8.11 x lO"'2 983 

10.3 650 0.202 8.11 x lO"'2 2.24x lO'14 983 

29.4 
7.0 

550 
850 

0.254 
0.744 2.24x lO"'4 7.98x lO"'7 983 

2.85:1.00 1.05 11,150 0.944 

Hf02:Nb205 18.1 
1.17 

250 
6250 0.268 

4.6 x 10'2 1.2 x 10'8 1192 

15.3 500 0.408 
1.2 xlO"8 2.92x lO'" 0.529 4900 0.792 1192 

6.12 7200 0.844 



II.   REVIEW OF OXYGEN TRANSPORT IN HIGH TEMPERATURE OXIDES 

The search for oxygen transport rates of oxygen through mixed binary niobates resulted in the 

following compilation of the data collected from the literature.   In addition to reporting 

the data in tabular form, several graphs were constructed to enable the reader to quickly 

compare the data and relate diffusion rates to oxide thickness, the thickness of the metallic 

substrate consumed and to determine the equivalent scale thicknesses for given combinations 

of diffusion rates and time. 

The transport properties are being compared by plotting the value of D vs. 1A for the high 

temperature oxides.   The data has been gathered from the compilations of Bernard published 

in 1962    , Brett and Seigle     published in 1968, and up dated from the series Diffusion 

Data    , published quarterly since 1967. 

2.1   RELATING D VALUES TO METAL CONSUMED 

The oxidation of a high temperature structural material causes a reduction in the cross 

sectional area of the load bearing members because of the material reacted to form the oxide. 

In addition, oxygen dissolved in the structural material may have an adverse effect on low 

temperature ductility. 

If one considers only the thickness of the material consumed to form an oxide in the simplified 

case of a pure metal, then the thickness of the structural material consumed T(cm) in a unit 

of time for an oxide where onions diffuse from the gas-oxide interface to the oxide metal 

interface is given by 
J 

c 
P (molecular wt - O) 

T=     o (molecular wt - M)    xk (1) 

m 

where J   is the oxygen flux through the oxide scale,  P    is the density of structural material, 

and k is the ratio of the number of moles of oxygen to the number of moles of metal in a 
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stoichiometric oxide, i. e., for MO, k = 1 and for M«0-, k = 2/5.   The rate of degradation 

(rate of thickness change) of the structural member is directly proportional to the flux of 

oxygen through the oxide layer, the oxidation state of the oxide, and the molecular weight 

of the substrate, but is inversely proportional to the density of the metal. 

If one considers an oxide-metal system where cation diffusion is the predominant transport 

process, then equation 1 simplifies to:   • 

T = -p11 (2) 
m 

where J    is the flux of cations ions through the oxide.   Equations 1 and 2 will give the 

thickness of the metal consumed if one has a knowledge of the diffusion coefficient D and 

the gradient representing the driving force for the transport of onions or cations through the 

lattice. 

Estimating the actual oxide thickness based on the amount of metal consumed is more difficult 

because the density of the growing oxide is difficult to determine.  However, if one uses the 

Pilling-Bedworth criterion where the volume ratio*is given by 

.       molecular volume of oxide MeX^, 
«p = , . . X C1) 

atomic volume of metal w' 

where both volumes refer to equivalent amounts of metal, i.e., 

♦ Nb^MV^o^AV^ (4) 

where MV is molecular volume and AV is atomic volume.   Then from the values listed in 
(a) 

Kubaschewski and Hopkinsvo/, (i.e.*as2.68 for NbjOJ the thickness of the oxide formed 

will be 2.68 times the thickness of the metal consumed for a given area of coverage. 



Table 2 lists the values of D calculated from the relationship 

D =Tt 

2 (4) 
where X   = kt and k = 5 D based on the work of Brett and Seigle    , and the values are 

plotted in Figure 1 showing the rate of metal loss as a function of time for various value 

of the chemical diffusion coefficient.   This plot is dependent on temperature only in that 

D depends on temperature.   The average linear rate in Table 2 is dependent on the diffusion 

time selected. 

This analysis does not consider the effects of the oxidizing media dissolving into the 

substrate and affecting the mechanical properties over and above the effect caused by 

the metal loss. 

2.2   COMPILATION OF DIFFUSION DATA 

The diffusion coefficients are shown in Figures 2 and 3 as plots of log.» D vs. I/T.   Super- 

imposed on the graphs are the values of D and their respective rate of metal consumption 

by oxide formation.   Tables 3 and 4 list the oxides, the diffusing species, the melting 

points of the oxides, and the structures where available, the values for D   and Q, and 
o 

the temperature range over which the data is valid.   In most cases the oxide compounds 

which possess the slowest transport properties are spinels.    However, it is generally 

accepted that the oxidation protection for most coatings and alloys is due to the ability 

of the system in question to form a protective layer of ALO«, SiO», or Cr~0» as a 

barrier between the oxidizing environment and the structural substrate.   The diffusion co- 
(9) 

efficient for oxygen in a - Nb^O- has been shown to be a function of oxygen pressure 

These values are shown in Table 5 and are quite large even at the lower temperatures. 
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TABLE 2 .   Diffusion Coefficients for Various Oxidation Times and Oxide Thickness 

D(Cm2/sec) 
Diffusion t Tolerated X   Oxide Linear 
Time (Hr$.) Metal Loss (mil) Thickness (mils) Average Rate 

3.23 x 10"12 1000 1.0 3.0 O.OImil/hr 

3.23 x 10"11 100 1.0 3.0 0.01 mil/hr 

3.23 x 10"T0 1000 10.0 30.0 O.OImil/hr 

3.23 xlO"10 10 1.0 3.0 0.1   mil/hr 

3.23 x 10"9 100 10.0 30.0 0.1   mil/hr 

3.23 x 10"8 1000 100.0 300.0 1.0   mil/hr 

10 10.0 30.0 1.0   mil/hr 
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TABLE 3.    List of Mobile Species in Matrices Which Have Shown Low Transport Rates 

Mobile 
Species Matrix 

Melting 
Point (0C) Structure 

Identification 
No. for Graph Reference 

0 MgO 2800 NaCI 35 5 

r 2+ 

1      Fe 

15 

80 

4 

6 

0 A,203 
2015-2050 Cr203 33 5             1 

0 34 4 

0 45 4 

Al 1 4 

Al 2 5 

Cr CoCr204 N.A. Spinel 10 5              | 

Cr 9 4 

Co 12 5 

[    ^ 
j    Ni NiCr204 N.A. Spinel 

11 

31 

4 

4 

*Ni 32 5 

Cr 23 4 

Cr 24 1        5 

Co CoAI204 1955 Spinel 14 5             1 
Co CoTiOg N.A. Cr203 13 5 

Cr ZnCrjO. N.A. Spinel 8 4 

Zn 65 
L           4 

Zn SnZn204 N.A. Spinel 63 4 

Zn ZnFe204 1720 Spinel 66 f        4 

Zn 67 i        4 

Ni NiAI204 2020 Spinel 22 1        4 
Cr 25 4 

5 1     Cr Cr203 
2000-2440 rhombohedrDS. 7 

♦Corrected Data from Ref. 4 . 
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TABLE 3 (Cont'd.) 

Mobile 
Species Matrix 

Melting 
Point (0C) Structure 

dentification 
^o. for Graph Reference 

0 

Be 

BeO 2520-2550 Wurtzite 47 

5,6 

4 

4 

O TiO, 1870 tetrag:C4 (rutile) 39 5 

Zn ZnO 1970 Wurtzite 59 4 

Co CaO 2545-2570 NaCI 33, 26, 27 6 

0 Si02 1700 Quartz (hexagonal 55 5 

14 
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TABLE 4. List of D   and Q Values for 
0 

Diffusion of Sp€ teles in Oxides Listed in Table 3 

Matrix 
Mobile 
Species 

I.D. 
Coefficient 

D 
0 

(cm /sec) 
Q 

kcal/mole 
Temperature Range 

MgO 0 
Ma 
Fe2* 

35 
15 
80 

2.5xl0"6 

0.23        , 
8.8 x 10"5 

62.4 
78.7 
41.7 

(1300 - 1700) 
(1400 - 1600) 
(1000 - 1850) 

A,203 
O 
0 
0 
Al 
Al 

33 
34 
45 

1 
2 

0.2 
1900 
6.3x 10"8 

25,000 
28 

110.0 
152.0 

57.6 
135.0 
144.0 

< 1450 
>1600 
< 1600 

CoCr204 Cr 
Cr 
Co 
Co 

10 
9 

12 
11 

300 
2 
80 
lO"3 

85.0 
70.0 
90.0 
51.0 

(1200 - 1400) 
(1400 - 1600) 
(1250 - 1400) 
(1400 - 1600) 

(1130- 1450) 

(950 - 1450) 
(1250 - 1400) 

(1200 - 1500) 

NJCr204 Ni 
Ni* 
Cr 
Cr 

31 
32 
23 
24 

1.5xl0"3 

0.85 
0.75 
200 

61.4 
75.0 
73.0 
89.0 

CoAl204 Co 14 8 85 

C0TIO3 Co 13 500 95 (1000 - 1200) 

(1000 - 1400) 
(1000 - 1400) 

(1000 - 1250) 

Zr1Cr204 
Cr 
Zr 

8 
65 

9 
60 

81 
85 

SnZn204 Zn 63 37 76.3 

ZnFe204 Zn 
Zn 

66 
67 

1000 
8.8 x 10 

86.0 
86.0 

(900 - 1350) 

NIAI204 Ni 
Cr 

22 
25 

2.9 x 10'5 

1.17x 10"3 
53.3 
50.0 

(880 - 1388) 
(900- 1200) 

(1045 - 1550) Cr203 
Cr 7 0.137 61.1 

* Corrected Data from Ref. 4. 
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TABLE 4 .   (Cont'd.) 

Matrix 
Mobile 
Species 

I.D. 
Coefficient (cm /sec) kcal/mole 

Temperature Range 

BeO 0 
Be 
Be 

47 
5 
6 

5.2x 10"7 

1.37        . 
1.1 x 10"° 

42.9 
91.9 
36.15 

(1600 - 1900) 
1500 - 1725 
1725 - 2000 

Ti02 0 39 1.6 74.0 (1200- 1275) 

ZnO Zn 59 0.1 89.0 (800 - 1300) 

(1455- 1760) 
(1000 - 1400) 
(1000 - 1400) 

(925 - 1225) 

CaO Ca 83 
26 
27 

1.125x lO!4 

8.75x 10"" 
1.95 x lO'7 

64.3 
34.6 
34.02 

sio2 0 55 1.51x 10"2 71.2 

16 



®Astronuclear 
Laboratory 

TABLE 5.   Chemical Diffusion Coefficients of a-Nb^ at 900 C (Ref. 9) 

Oxygen Pressure 
(atm.) 

D 
Oxygen in Nb^O,. 

(cmVsec)    l   *        1 

1 to 10"5 

lO^tolO"10 

6 x 10"6 

~io"8 

17 



No data has been found for the effect of binary oxide additions to  Nb-O- on the rate of 

diffusion of oxygen in the mixed oxides.   Much work has been presented which show the 

effects of alloying on the oxidation behavior.  The alloy additions must oxidize along with 

niobium to form mixed oxide scales and reduce the transport rate of oxygen through the scales. 

18 
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III.   OXYGEN DIFFUSION THROUGH MIXED NIOBATES 

3.1    THERMOGRAVIMETRIC TECHNIQUES FOR DETERMINING THE OXYGEN DIFFUSION 
COEFFICIENT 

Oxidation-reduction kinetics and nonstoichiometry of metal oxides have been studied pri- 

marily by thermogravimetric and electrical conductivity techniques .    To date 

all of the published kinetic data For nonstoichiometric oxides utilizing thermogravimetric 

techniques have involved oxides in which the predominant defect was the singly ionized 

cation vacancy.   This work involves oxides whose structure is thought to be contained 

on the onion lattice in the form of single or double charged onion vacancies. 

In these studies, the driving force for diffusion is provided by the partial pressure of oxygen 

established in the gaseous phase adjacent to the oxide.   By equilibrating the oxide with a 

known oxygen   partial pressure and then abruptly changing the oxygen partial pressure, the 

rate of weight change with time indicates the mobility of oxygen as it is being removed from 

or diffused into the sample.   By assuming that the surface of the specimen equilibrates 

immediately with the surrounding atmosphere, the chemical diffusion coefficient   D can be 

obtained from on integrated solution of Fick' s second law assuming a constant diffusion 

coefficient.   Once the geometry of the sample is established, the proper solution of Pick's 

law can be applied. 

3.1.1    Rationale for Sample Geometry 

Table6 shows a comparison of the three sample geometries considered for this investigation, 

the flat disc, the cylinder, and the sphere.   Solutions to the appropriate diffusion equations 
(22) 

presented by Crank        were utilized to determine the optimum geometry for the diffusion 

samples.   The following factors were considered in the analysis to select the best geometry: 

1)    Weight of the material required to achieve a measurable weight change 

during the experimental exposure.   (For pure Nb^O,. y, a AX of 0.01 will 

give a weight change of 0.6 mg/gram of Nb-OJ. 

19 



TABLE 6.   Comparative Parameters Used to Select Oxide Geometry 

Flat Plate Cylinder Sphere 

Dimension 

Volume 

Surface/Edge 

2 cm dia 
x 0.1 cm thick 

.314 cm3 

10/1 

0.5 cm dia 
x 2 cm long 

.393 cm3 

8/1 

1 cm dia 

0.523 cm3 

Diffusion Times 
2 

D cm /sec t (sec)* 
2 

D cm /sec Msec) 
2 

D cm /sec t (sec) 

io-8 

io-'0 

io-'2 

3.75x105 

3.75x106 

3.75x107 

io-8 

IO"'0 

IO"'2 

5x10* 

5x108 

5x10'° 

io-8 

IO"'0 

io-'2 

107 

IO9 

io" 

1 year = 3.16 x 10   sec. 

20 
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2) Time to achieve equilibrium. 

3) Ease of analysis of results. 

4) Ease of fabrication. 

The shapes considered were spheres, cylinders, and flat plates.   Spheres would be the 

ideal shape based on considerations of edge effects when compared to flat plates or cylindrical 

samples.   However, the diameter of a sphere with sufficient volume to enable a meaningful 

weight gain would require extremely long equilibration times.   This left the comparison of 

the flat plate and cylinder.   Again, the equilibration times for cylinder would be long. 

Analysis showed that a disc 2 cm dia. by 0. 1 cm thickness would be the best configuration 

based on the restraints imposed. 

3.1.2     Solutions to Pick's Second Law 

Chemical diffusion is used to denote diffusion which as the result of a concentration or chemical 

potential gradient.   This is not to be confused with self-diffusion or tracer diffusion, which does 
(23) 

not occur as the result of a chemical potential or concentration gradient.   After Wagner 

D!  =   lim Ji 
(dc./dx) 

D! 
I 

= self diffusion coefficient 

jj = flux 

X = distance 

c = concentration 

]., (5) 

The self-diffusion coefficient on the ith species, D., is proportional to the diffusion coefficient 

for the defect responsible for the migration of the ith species.   The chemical diffusion coefficient 

D    is the proportionality constant in Pick's Law 

J   =   D   (dc/dx) (6) 

21 



We use the integrated thin plate solution for Pick's second law 

if =-5 4 (7) 
(22) 

after Crankv o  ">      o 
... oo -D(2n + 1) * t/4r 

^='-    S       ^^e (8) 

where t = times (seconds) 

I  =  half thickness of the plate. 

~     2 
For values of Dt /I   > 0.15 only the first term (n = 0) of the series is required, therefore 

equation (8) simplifies to 

MgU,.!,  (.-B-V*!2, (9) 

or 
2 

log (1 -M(t)/Q) = log   I2 + ^"H (10) 
(9.2)r 

By plotting log (I -M(t)/Q) vs t, the slope of the line can be measured and D can be cal- 
Bt^ 

culated; this analysis is valid for   —y  > 0.15. 

For -K- <  0.25 the following relationship can be used to evaluate D. 

and 

kp =^   (^)2 (12) 

where Ac is the concentration of oxygen removed from the oxide during reduction or the 

amount added during oxidation in grams/cc. 

22 
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3.2  EXPERIMENTAL MATERIALS 

Solid oxides for the diffusion kinetic evaluation were fabricated from powders of the separate 

oxides by mixing, cold pressing, and sintering.   Table 7 lists the starting purities of the oxides 

as specified by the seller, the composition of the oxide mixtures, the sintering temperatures 

and times, and the densities measured for the samples thus far. 

The as-received oxide powders were weighted and mixed together in an agate mortar and 

pestle with acetone saturated with stearic acid, a lubricant.   It was found that by dissolving 

the stearic acid in acetone a more uniform distribution of stearic acid was obtained in the 

powders.   The mixed samples were allowed to dry and then a methyl-methacrylate binder was 

added (about 20 to 30 drops to a 10 gram mixture) and mixed again in a vial.   This oxide 

powder was cold pressed into 0.875 inch (2. 22 cm) diameter pellets at 30,000 pounds 

(49,000 psi).   These oxides were then sintered in air for 16-20 hours at the temperatures 

shown in Tabled    Prior to the establishment of the air-firing procedure, several other sinter- 

ing environments were tried.    1) Sintering at 1420 C in hL  2) Sintering at 1300 C in vacuum 

and  3) Sintering in air at 1350oC.   Alumina ceramics were used to support the oxides in each 

of these environments during sintering. 

A series of pellets sintered in HL are shown in Figure 4.   These pellets were sintered overnight 

in an H« furnace at 1420 C.   They were dark gray in color, indicating an oxygen deficiency. 

On heating these samples to 1300 C in an air furnace all but the TiO^-Nb^O- pellet broke 

into small fragments.     These samples were either heated too fast, or the volume change on 

adding oxygen was significant enough to shatter the samples.   Subsequently, the pressed 

samples have been successful sintered in air. 

23 



TABLE7.   Experimental Materials Used for Making Mixed Niobates and Experimental Compositions 

Oxide Purity 

Experimental 
Composition 

Mole% 

Sintering 
Temperature 

Densities* 

Nb205 99.95 100 1420 3.19 

A,203 
99.995 73 1360 3.28         j 

V205 
99.9 57.3 Vaporizes   

TI02 A.R. 62.6 1420 3.61 

Zr02 99.9 74.0 1420 — 

Cr203 
A.R. 62.5 1210- 1360 — 

Co304 
99.5 59.5 1207 — 

|   NiO 99.0 87 1420 4.58 

Fe203 
99.5 62.5 1210 """ 

Hf02 98.0 74 1420 5.99 
...               J 

* From weight and volume measurements. 
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Figure 4.   Pellets Sinfered in H« Furnace for 16 Hours at 1420OC. 
All pellets were initially 7/8" Dia. Before Sintering 
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After the initial sintering, the oxides were ground to pass through a (105) mesh sieve, binder 

was added, and 2. 5 gram pellets were cold pressed from the samples and resintered in air. 

After the second sintering, the volume change noted was much smaller indicating that only 

sintering was occurring. 

3.3     EXPERIMENTAL APPARATUS 

The experimental apparatus is shown schematically in Figure 5.   The entire apparatus was con- 

structed from stainless steel.   The furnace tube was mullite and was connected to the system 

using O-ring seals in a compression filling.   A brief description of the components follows. 

3.3.1 Furnace 

A vertical non-inductively wound, resistance heated 3 zone Lindberg Hevi-Duty Clam Shell 

Furnace having one 12-inch long center heater and a 6-inch long guard heater at each end 

was used to heat the sample.   The reaction chamber in the furnace was constructed from a 

38 mm mullite tube attached to the system O-ring compression fittings. 

Temperature was measured and controlled using a Pt-Pt/13Rh thermocouple suspended in the 

vacuum system.   The bead of the thermocouple was shielded from direct radiation by an 

alumina protection tube.   The temperature was corrected for position and radiation effects 

by comparison with thermocouples directly attached to a sample in the hot zone during a 

separate calibration run. 

3.3.2 Balance 

Continuous weight change measurements were made using a Cahn UHV-RH microbalance 

with a 100 gram capacity and a 2 microgram sensitivity.   The balance is housed In a stain- 

less steel chamber constructed from a standard 8-inch Varian flanged nipple.    Varian 2-3/4 

inch nipples were cut and welded to the 8-inch nipple to provide appendages for the sample 

26 
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Thermocouple Feed Through 

Balance Control 
Feed Through 

Up Flow Gas Inlet 

"O" Ring 
Seals 

Down Flow 
Gas Out 

Up Flow 
Gas Inlet 

Down Flow Gas Inlet 

Mullite Reaction Tube 

3 Zone 1200 C Furnace 

EMF Probe Seal 

Figure 5.   Modified Vacuum Microbalance Used for Flowing Gas Studies 
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and counterweight hangdowns and for thermocouple feedthroughs.   The microbalance was 

mounted on a standard Varian rotatable 8-inch blankoff along with the vacuum feedthrough 

containing the electrical connections for the balance.   The samples were suspended from the 

balance by 20 mil (0.5 mm) platinum-'"hodium wire. 

Weight changes were continuously recorded on a dual pen recorder with a potentiometric 

input system.   A one mv full scale recorder range was used for all continuous weight-gain 

records. 

3.3. 3    Gas 

High purity oxygen, argon, and chemically pure CO and COj gases were used directly from 

the cylinder and admitted into the system through glass pressure drop flow meters.     These flow 

meters issue a constant flow of gases through the furnace independent of the effect of tem- 

perature fluctuations on the gas bottle pressure regulators. 

3.4       PROCEDURE FOR USE OF THE CAHN MICROBALANCE 

The niobate discs were cradled in a Pt-Rh wire support and suspended from the balance hang- 

down hook by a 20 mil (0.5 mm) diameter Pt-Rh wire.    Initially, 5 mil (0.127 mm) diameter 

wire was used.   However, at 1200 C and at oxygen partial pressures greater than 0.20 atm, the 

cross section of the wire was reduced by both PtO» volatilization and creeping of the wire, 

and these 5 mil diameter supports broke.   Subsequently, only 20 mil supports and oxygen 

partial pressures of 0.2 atm or less were used. 

The sample was sealed in the furnace by lowering the microbalance chamber.    The system 

was brought to temperature in an air environment to Insure an equilibrium stoichiometric 

structure at the beginning of each run. The Ar/O« and CO/CO« gas mixtures were established 

through a bypass valve to Insure that the gas metering system was completely purged. Then the 

gas mixtures were switched to flow through the furnace reaction tube to begin equilibration. 
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Equilibrations were made successively with a 20/1 argon/oxygen mixture, and with nominal 

1/20,  1/1, and 20/1 CO/CO« mixtures.   Flow rates were nominally 400 ml/min which gave a 

flow velocity through the tube of about 0. 58 crrv/sec.   The microbalance indicated an initial 

weight change due to the flow velocity. 

An EMF oxygen meter was used to verify the oxygen partial pressures, and also because of its fast 

response to measure the lapse time required for the front of the new gas mixture to reach the 

sample.   This was chosen as zero time for the experiments.   The EMF probe was of standard 

design and utilized a Co/CoO     reference electrode, a Ca stabilized ZrO~ solid electrolyte 

and platinum electrical connections.   Although not used during each experiment, the EMF probe 

was used to substantiate the ability of the gas mixtures to maintain the calculated partial 

pressure of oxygen without taking special precautions to further purify the gases from the 

cylinders.   The samples were equilibrated with a specific gas mixture until no weight changes 

were measurable for an hour. 

A set of blank runs were made for each temperature and gas mixture using 99. 9% pure sintered 

ALO^ to determine the effect of time and gas flow on the weight measuring system. 

There was a definite effect of time on weight change for the blank inert sample.   This was 

attributed primarily to the differences between the densities and bouyancies of the various gas 

mixtures.   As noted on Figure 5, the gas was introduced through the bottom of the system and 

exited just below the balance chamber.   The gradual mixing of the newly introduced gas with 

the old gas mixture caused a time dependent, but reproducible drift in the weight readings. 

Each gas mixture successively introduced into the system caused a characteristic weight change 

with time.   These weight changes, which were measured on a blank sample, were subtracted 

fro.Ti the weight changes measured on the experimental samples to give the real weight loss of 

oxygen as a function of time. 
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For a given gas mixture at equilibrium with the sample, a slow drift of ± 20 micrograms over a 

24 hour period was noted.   It is not possible to ascertain as yet whether this drift is periodic 

with time or random.   If it is periodic with time it could reflect cyclic temperatures, line 

voltages, and power demands at the laboratory. 

3.5       EXPERIMENTAL RESULTS AND DISCUSSION 

Results for the systems NbjOg, TiC^-NbjO« and HfOj-NbjOg will be presented in detail. 

The NiO-Nb-O, system did not exhibit non-stoichiometric behavior until an oxygen partial 

pressure corresponding to approximately the dissociation pressure of NiO was present in the 

system.   At this point rapid reduction of the NiO-Nb^O,- system began, occurring at a rate 

of about 124 micrograms per minute.   These rapid reduction rates caused the balance to go 

off scale, and the equilibrium oxygen weight corresponding to the oxygen partial pressure 

could not be measured.   The results obtained with the ALO^-Nb^O, system were erratic and 

inconsistent, and these results are being redone during Phase III. 

The experimental data is presented in Appendix A in tabular form.   The oxygen weight loss 

as a function of time for the oxides is presented in Figures 6 through 10.   Associated with 

each curve on the graphs is the oxygen partial pressure gradient over which the weight loss 

was measured, and the temperature at which the measurements were made.   The oxides were 

equilibrated with the highest partial oxygen pressure and then the lower oxygen partial pres- 

sure was established.   The time rate of change of the weight of oxygen removed was measured 

continuously using the microbalance.   Although the weight loss shown on the graphs for each 

partial pressure differential start at zero, the total weight loss for each oxide sample at a 

given temperature is cumulative 

Figure 6 shows the weight loss results for Nb^O,. at 96/ C.   The largest weight loss occurred 

in the pressure range 10       to 10      atm O«.   Figure 7 shows the rate of weight loss of 
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TiO.-Nb^Oe at 819 C.   Because of the long time required to reach equilibrium at 4.6 x 
-TS -2 

10      , the data are plotted on two different time axes for the partial pressure region 10     to 

10     .   In the case of TiO^-Nb^O. the largest weight loss occurred between 10    and 10 

atm.oxygen partial pressure. 

Figures 8 through 10 show the weight loss as a function of time for HfO^-Nb^O-.   Compared 

to NbjOg and TiOj-NbjO- the weight losses measured for HfO^-Nb^O. are relatively small 

especially at 786 and 983 C.   At 786 C, there was no measurable weight loss    due to re- 
-2        -22 

ducing the oxygen partial pressure from 10     to 10 

3.5.1    Nb205 

Utilizing equation 10 the quantity -log (I-M(t)/Q) is plotted versus time to determine a slope 

from which to calculate the diffusion coefficients from the experimental results.   Figure 11 

shows this plot for Nb~0,. over the three oxygen partial pressure intervals.   Table I lists the 
'S« 

value of D calculated from these graphs.    In each case there are distinct breaks in the curves, 

and two straight lines can be fitted to the curves.   Values of D have been associated with each 

constant slope time interval.   This solution of the diffusion equation 10 is valid for values of 
'"2 ~    2 
Dt/I   > 0.15. Table 8 shows the values of Dt/I   calculated from the derived diffusion co- 

efficient and the time over which the linear behavior was noted. 

Obtaining two different diffusion coefficients for a given oxygen partial pressure differential 

using this model is somewhat unique.    In order to attempt to evaluate the initial diffusion 

coefficient to determine if it is the result of a breakdown in the model, or is in fact indicative 
~     2 

of a phenomena occurring in the experiment, the short time model, valid for Dt/I   < 0.13 
2 

and given in equation 11 was utilized.   Figure 12 shows the graph of the plot ^(t)/A)   vs time. 

Table 9 lists the value of k , the parabolic rate constant, the value of the diffusion coefficient 

calculated for k   as per equation 12 and the corresponding diffusion coefficient calculated 

from Figure 11.   The results of D^   and D are in close agreement, indicating that there are two 

separate processes controlling diffusion during each reduction run. 
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TABLE 8.   Validity Test for Application of the Diffusion Models 

I                                                 NbA 

D 

OO'^m^c) 

Temp. 

Dt/I2 

36.6 967 .39 

6.99 967 .93 

27.00 967 .41 

36.80 967 1.53 

9.80 967 .41 

2.03 967 .86 

Ti02-Nb205 

'S* 

D Temp. 

(10"7cm2/sec) Co Dt/I2 

2. 819 1.15 

62.8 819 .34 

27.7 819 .21 

13.1 819 .70 

33.3 819 .18 

25.59 819 .48 

10.3 819 .43 
1 
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TABLE 8 (Cont'd.) 

@Astronuclear 
Laboratory 

Hf02-Nb205 

D Temp. 

(10"7cm2/sec fC) Df/I2 

7.5 786 4.82 

36.6 983 2.02 

10.2 983 0.61 

29.4 983 1.48 

7.0 983 .55 

1.05 983 1.08 

18.1 1192 4.16 

1.17 1192 .67 

15.3 1192 .70 

.529 1192 .24 

6.12 1192 1.01 
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Figure 12.   Plot of (M(t)/A)   vs Time Used to Determine the Chemical Diffusion 
Coefficients of Oxygen in NbuO, at 9670C for Short Times 
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TABLE 9.   Comparison of the Chemical Diffusion Coefficient D.     Calculated from the 
Parabolic Constant for Initial Stages of Reduction and D Calculated From 
the Slopes Shown in Figure 11. 

Nb205 

Temp. AP 
atm 

kp 
mgvcm^ -sec 

AC 
mg/< cm cm'/sec P. cm /sec 

967 

967 

4.35xl0"2to3.7x10"12 

6.45xl0"5to3.3xl0"17 

1.43 x 10 

-5 

.681 

2.15 x 10      i   5.10 

2.46x10 

10.4 x 10 
-7 

3.66x10" 

9.8x 10 

41 



Schafer et al. have measured the thermodynamic stability of the system Nb-O-H-H-0 

at 1300 C.   O/Nb ratios over the range of 2. 0 to 2.5 were investigated.   This work definitely 

demonstrates the existence of 7 distinct equilibrium Nb^O,.     suboxide phases within this 

composition range.   This evidence, as reported and correlated with other data by Streiff 
(25) 

et aP      precludes analyzing the diffusion data as if oxygen were diffusing through a homo- 
(24) 

geneous phase over all regions of non-stoichiometry.   However, because the data of Schäfer 

is reported at 1300 C and the diffusion data reported herein was done at 96/ C, it is not 

possible to accurately determine the equilibrium phase boundaries of the lower temperature 

diffusion system.   It is possible that the break in the plot of log (1-M(t)/Q) vs t could be the 

result of diffusion being controlled by different phases formed as the oxygen partial pressure 

gradient changes throughout the oxide sample.   More detailed analysis of this phenomenon 

will be undertaken during Phase III. 

Figure 13 shows a graph of the equilibrium oxygen non-stoichiometry as a function of the 

oxygen partial pressure.   Graphs of this type are used to determine the oxygen partial pres- 

sure dependence of the defect structure.    In a homogeneous oxide, it is possible to deduce 

the defect structure of an oxide by determing this power dependence      .    Along with the 
(2A\ (} 2\ 

experimental data are several isotherms published by Kofstad       and Blumenthal        et al. 

Over this pressure range a variable power dependence of the non-stoichiometric defect 

structure of Nb-O, on oxygen partial pressure was obtained.   The pressure dependence, deter- 

mined during this experiment, agrees very well with the published results.   Because of the 

strong indication that we can no longer consider defect structures in a homogeneous solid 

solution for Nb-O,-/ the diffusional processes reported in this work can be attributed to the 

various suboxide phases in equilibrium with the oxygen partial pressure gradients in the Nb»Oc. 

More closely controlled measurements are required to exactly determine the effect of the 

various suboxides on oxygen diffusion rates. 
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Figure 13.    Nonstoichiometry in a-Nb-O,. as a Function of Oxygen Partial Pressure 
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Relating the values for the chemical diffusion coefficient of oxygen determined in this work 

to that published in the literature supports the trend that the chemical diffusion coefficient 

is smaller at larger deviations from stoichiometry than in the near stoichiometric region. 

Sheasby and Cox        have reported that at 900 C and 10      atm oxygen partial pressure 
"x —8 _o -17 
^NboO^ = '»4 x 10   .   This work reports that at 96/ Cand 10      atm oxygen partial pres- 

sure D|vjb?o<> is 2. 03 x 10   .   Because of the presence of the suboxide phases, future work 

on determining the oxygen diffusion coefficient will also require that the suboxide structure 

through which diffusion occurs will have to be identified. 

3.5.2   Ti02-Nb205 

Figure 7 shows the weight loss vs time for the TiO^-Nb^O,. system (62.6 mole% TiO« - 

37.4 mole% Nb^OA   This data was analyzed by the methods reported in Section 3.5. 1 for 

Nb-Oc«   Figure 14 shows a graph of log (1-M(t)/Q) vs time.   Table I lists the values of D 

as determined from the slopes of these lines.   Value of Dt/I   as calculated from the derived 

diffusion coefficients are listed in Table 8; the dependence of the degree of non-stoichiometry 

on oxygen partial pressure is shown in Figure 15 for two conditions.    It is assumed that this 
(28) 

oxide is composed of TiNb^O- + TiO« after Wadsley      . Two conditions for the distribution 

of anion vacancies are postulated.   The first is that the vacancies are associated only with 

TiO.    / and the second is that the vacancies are associated only with TiNb^O-    . 
2-x ' 2   7-x 

In both cases the power dependencies, i. e., xoC   0? is the same.   This dependence of 

the degree of non-stoichiometry is exceptionally low,and no explanation for this behavior 

can be given at this time. 

As was the case with Nbo0c, TiNb^O-, can be identified with a homologous series 
(28) 2   5 2   7 

Me«   OQ    O      •   Again it is possible to conclude that each of the reported diffusion values 

is indicative of the oxygen transport rate through several phases as oxygen is removed from 

44 



®Astronuclear 
Laboratory 

< 

Ü 

o 

'o   2 2 

I 

«^ 

00 
N m   — 
i ■—    i o t     o — o   — 

X ^      X 
in x  ^ 
r>. <  o 
in V  so 

o <] a 

o 
in 

c 
0 
in 
3 <*- u- 

Q 

"o «J 
00 • — o^ 
fc 
0) 00 

-c ■i. 

U 0 
a> a> 

_c ■0 *- 
a> 
c 

X 
0 

(i) 0" 
tN 

01 JO 
O z 
0 1 
4- CM 

7. O 
5 t^ 

g Si 
1— ^_ 

5 0 
^-^ c 
? c 

0) *• 

f 2 
X 
0 

'—' Ci- 

$ 
O 

1 c 

-o 

0 tt 
<u a. 0 

3 

(0/(l)W- I) ß»!- 

45 



-? 

00 
I 

4) 
o 
n 

9) 

t o 
c 
0) 

o 
T a 

14- ^ o 
i 

§ 
«N u 
T u. 

o 
CO 

^^ IS 
S in 
!? O ^ (N 

JS 

$ 
Z 

«o i o" 
£ 

«o S> 
tv c 

1 
^ 

00 
T 

IE o 
o- 0 

i 
£ 

? Z 

m 

3 

{X"20!l)   (X"Z0!iZqN) x ßo| 

46 



®Astronuclear 
Laboratory 

the sample during equilibration, and the comments applying to the experimental techniques 

required for Nb^O,. would also apply for this system.   There is no comparable data for oxygen 

diffusion through TiO^-N^O,. found in the literature for comparison.   Excepting the equil- 
-Z HS 

ibration between 10     and 10       atm, the transport rate of oxygen through this oxide is quite 

rapid even at 819 C.    During Phase III the oxygen diffusion rate through the TiO~-Nb?0_ 

oxide will be evaluated at 1000 and 1200OC. 

3.5.3   Hf02-Nb205 

Figures 8-10 show the weight loss vs time for the oxygen partial pressure ranges studied.   Again 

this data was analyzed by the techniques reported in Section 3.5.1 for Nb-O,..   Figures 16 

through 18 show the graphs of -log (1-M(t)/Q   ) vs time for 7860C/ 9830C/ and 11920C/ 

respectively.   Table 1 lists the values of D at the various conditions for HfO^-Nb^O,..   Values 

of Dt/I   are tabulated in Tabled.   The dependence on the degree of non-stoichiometry on 

oxygen partial pressure is plotted on Figure 19, assuming the oxygen is coming from excess 

HfO»     and the compound Hf Nb^CX remains stoichiometric.    No information concerning 

this mixed oxide system has been found in the literature.   The HfO^-Nb-O,. was not as 

thick as the NbjO- and TiO^-NbjO- sample.   Generally, equilibrium was achieved quite 

rapidly.   In addition, the weight gains were very small.   This data must be considered pre- 

liminary in nature. 
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IV.   ANALYSIS OF THE OXIDATION BEHAVIOR OF A Nb-15TM0W-10Ta-2Hf-3AI 
ALLOY B-l 

Very little work has been reported in the literature dealing with the oxidation behavior of 
(29 30) 

complex columbium alloys utilizing x-ray, metallographic, and microprobe techniques     ' 
(31) 

The B-l alloy developed by WANL       has been selected for a detailed evaluation.   This 

alloy is currently being investigated by McDonnell-Douglas as a cladding material for 

(32) 
a heat resistant leading edge material for one of the space shuttle concepts      .    It is 

a ductile alloy with moderate oxidation resistance.   During the first phase of this program, 

B-l was oxidized before and after exposure in a doped liquid autoclave.   X-ray results 

for these oxides will be combined with kinetic, metal lographic, and microprobe data to 

attempt to understand the complex oxidation behavior of this system. 

4.1   EXPERIMENTAL APPARATUS AND PROCEDURE 

B-l alloy sheet samples. 051 cm. thick were oxidized using a Stanton-Thermobalance. 

Heating was accomplished in a vertical platinum/rhodium wound furnace, with the natural 

convection current providing a fresh supply of air.   Temperature was controlled to within 

+ 5 C by the output of a platinum-platinum-rhodium thermocouple.   The weight increase 

could be deteimined within + 1 mg.   Both weight and temperature were continuously recorded. 

The test samples were supported on Alumina supports with the sheet samples held in a vertical 

plane by slots cut into the Alumina refractory with a diamond saw.   For the temperatures and 

environments under consideration, no discoloration or other reaction with the ALO» was 

noticed. 

The samples were loaded onto the balance ami while the furnace, poised above the sample, 

was heated to the desired temperature.   When the furnace was at temperature, the furnace 

was lowered over the sample.   In less than 2 minutes, the sample was at temperature.   The 

initial weight of the sample was corrected at each temperature for the weight chamges caused 
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by the empty crucible mounting system due mainly to adsorbed moisture being lost. 

Two series of experiments were made on the B-1 alloys.   Two variations of the B-l alloy were 

tested.   One B-1 alloy contained 3.4 wt/% Al and one B-l alloy contained 2.2 wt% Al. 

The first series of experiments involved the oxidation of both alloys at 1260 C to see if the 

small difference in aluminum content had any effect on the oxidation properties.   The weight 

gain per unit area vs time, as shown on Figure 20, showed no difference in oxidation rate 

due to the difference in the aluminum concentration. 

In order to duplicate the effects of a dual temperature exposure as reported by Goodspeed and 

Cornle^    ', B-l samples were pre-oxidized for one hour at 1260 C and then furnace cooled 

and oxidized at 1100 C.   Figure 21 shows the oxidation rate after the pre-oxidation  treatment. 

On the same graph, the oxidation rate at 1000 C is plotted.   This experiment verifies the 
(31) 

results previously published by Goodspeed and Comie      .   The oxidation rate for at least 

60 minutes at 1100 C after pre-oxidation at elevated temperature is as good as the oxidation 

rate of an untreated sample for the same time period but at a 100 C lower temperature.   The 

oxidation rate after pre-oxidation at 1300 C was linear.   Goodspeed and Comie showed this 

improvement in oxidation rate for times up to 60 hours.   There was a dual oxide layer formed 

as the result of this treatment (Figure 22); however, this layer was prone to spall as the 

sample was rapidly cooled to room temperature. 

The second series of experiments were designed to measure the rote of growth of the various 

zones formed in the B-l alloy during air oxidation.    In Phase I, it was shown that a series of 

layers formed below the oxide layer form on the B-l alloys.   This layer formation was examined 

as a function of temperature and time at 800, 1000, and 1200 C. 
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Figure 22. Photomicrograph of the Oxide Scale Formed on B-1 After One Hour at
1300°C and 3 Hours at 1100°C
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Figure 23 shows oxidation kinetics for the alloys at 800, 1000, and 1200 C.    If one compares 

the oxidation rates at 1260 C and 1200 C (Figure 23 and Figure 20, respectively) there appears 

to be little difference in oxidation kinetics as a function of temperature. 

Figure 24-26 shows the etched microstructure for these alloys after exposure to their respective 

oxidation environments in the etched condition.   At 800 C the base metal is relatively un- 

affected and parabolic oxidation occurs.   The only zone other than the oxide, which Is visible, 

is that zone specified by the letters B and F.   As the oxidation temperature is raised to 100 C, 

an etched zone C and E begin to appear; however, some of the metallic zone D is still unaffected 

after 36 hours exposure.   Even after 4 hours at 1200 C the metallic zone D does not exist.   This 

zone has been affected during oxidation, and Ti is selectively etched out of the base metal 

because of the reaction with air. 

This Ti depleted zone was illustrated by a qualitative microprobe scan made on samples of the 

B-1 alloy exposed in air for 3 hours at 1060 C.   A microprobe trace of the elements TI, Ta, 

and Nb is shown in Figure 27.   The location of the microprobe trace is shown on the photo- 

micrograph of the oxide structure. In the unetched condition, the "oxide", and "dark grain" 

and "light zone" are discernible from the metal matrix.   The Ti depleted "dark zone" is revealed 

on etching. 

Initially it was expected that this zone depleted in Ti was a direct result of Ti migration during 

oxidation.  However, subsequent microprobe traces on the B-1 alloys shown In Figures 24 through 26 

in the unetched condition revealed no such Ti depleted zone.    It is npparent that during oxidation 

the chemical stability of Ti in the depleted zone is altered so that it becomes chemically active 

with the etchant and is leached away. 

Figure 28 through 30 shows the rate of zone growth for the B-1 alloys.   The various zone thicknesses, 
1/2 

as determined from filar optical microscope measurements, are plotted vs t      . 
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Figure 25. B-1 Alloy Oxidized in Air at 1000°C for Times Indicated 
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For the samples tested at 800 C, it appears that internal oxidation does not occur.   Also, the 
2 

rate of metal loss diminishes after about 4 houn.   A plot of (Mt)/A)   vs time for these tem- 

peratures gives a straight line relationship.   Figure 31   indicates   parabolic behavior or a 

diffusional controlled process initially.   The parabolic oxidation constants are reported in 

Table 10  For B-l at 800OC, it appears thata protective oxide layer is controlling the oxidation 

rate.   After 500 minutes the weight gain can be approximated by a linear rate constants of 

5. 5 x 10     mg/cm /min.   This linear behavior can be explained by a Lorier's-type mechanism 

where the rate of the reaction is controlled by ionic diffusion through a thin layer of some 

oxide which remains at a constant thickness.   Diffusion through zones B and F, Figure 24, could 

be rate controlling.   Figure 28 indicates that these zones do not change thickness appreciably 

with time.   The oxide scale does, however, grow slowly with time. 

2       A 
At 1000 C the parabolic rate constant for initial oxidation is k   = . 160 mg /cm   /min.    The 

internally oxidized zone C-E thickness increases with time at about the same rate as the zone 

B-F (Figure 29) as does the oxide layer thickness.    Parabolic behavior at this temperature 

breaks down after 800 minutes as shown in Figure 32 and Figure 23.   Break away oxidation 

occurs; and at 1000 C, a 0.020 inch thick sample is completely consumed after about 80 hours. 

Internal oxidation in the zone C-E does not become significant until after about 4 hours. 

At 12000(! (Figure 33) and 1260OC (Figure 34) the entire sample Is Internally oxidized after 

4 hours.  Parabolic oxIdoHon behavior Is noted for the entire oxidation process   The parabolic 
2       4 

rate constant for this process Is found to be between 4.33-5.09 mg /cm -mln. Zones B and F 

are rapidly consumed between 4 and 16 hours at 1200OC. The parabolic behavior at 1200°- 

1260 C Indicates that the scale Is sufficiently plastic to provide continuous barrier to oxygen 

transport. At 1000 C, the parabolic oxidation behavior gave way to an apparent break away 

oxidation behavior probably because the scale was not as plastic at that temperature. 
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TABLE 10.   Parabolic Oxidation Constants for the Initial Oxidation of B-l Alloys 

k 
Temp. P 

2,    4    . 
mg /cm -mm 

800 7.1 xlO"3 

1000 1.62 xO"1 

1200 5.09 

1200 4.33 

1260 4.86 

1260 3.75 

7        48,100 
k   =4.42x 10    e        Rf 

P 
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X-ray analysis of scales formed on B-1 have indicated that the oxide contains strong lines 
(29) 

indicating that TiO» is present in oxide.   Rapp and Goldberg       have reported that during 

the oxidation of Nb-Zr alloys, ZrO? particles are present in the oxide, formed from internal 

oxidation products formed in the metallic phase prior to consumption by the oxide scale. 

The parabolic rate constants plotted as a function of 1/T are presented in Figure 3fi   The rate 

constant equation computer fit to these limited number of points gives the relationship 

4 L       /XOX^WCN    in7 /48,100 +9,500 \       2,   ' k   =  (4.26 + 1.65) x 10     expl - 1   mg /cm -mm 

for the parabolic scaling constant for short times for all of the temperature ranges investigated. 

At 800 C, the parabolic rate constant becomes linear after several hundred minutes, at 1000 C, 

the parabolic behavior switches to a break away type oxidation behavior;and at 1200 C, the 

oxidation behavior is parabolic for the times tested for 0. 020 inch thick samples. 
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Figure 35.   Plot of the Parabolic Rate Constant vs 1/T Used to Calculate 
the Activation Energy for the Initial Diffusion Controlled 
Oxidation Process Found in B-l Alloys 
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V.   EFFECTS OF LOW OXYGEN PARTIAL PRESSURE PREOXIDATION EXPOSURE ON THE 
AIR OXIDATION BEHAVIOR OF Nb 

Four pure Nb samples pre-exposed in low oxygen partial pressures (10      to 10       atm) at 

600-800 C by reaction in purified helium or CO/CO« gas mixtures were oxidized in air at 

1100 C.   The results of these four oxidation exposures are listed in Figure 35.   Sample 

variations in kinetics were observed.   Sample No. 29 exhibited the lowest oxidation rate. 

The initially slow rate of oxidation for the Samples No. 27 and No. 29 during the first 5-7 

minutes is similar to that observed for pure niobium in 20 torr oxygen as a result of the auto- 

clave pre-exposure during Phase I of this program     . 

X-ray results of the oxides formed during pre-oxidation exposure of four Nb samples to low 

oxygen partial pressure is given in Table 11. Although no significant improvement in the over- 

all oxidation rate was observed the initial oxidation kinetics varied significantly enough 

to warrant a look at the structure of the pre-oxidation products.   Both Runs 32 and 34 indicated 

slower initial oxidation kinetics, and both samples were shown to have the most cubic NbO 

phase present on the pre-oxidized surface. 

This is consistent with the work of Wlodek where the effects of 3% Al and 3% V stabilized 

a protective layer of NbO and caused a significant increase in oxidation resistance within the 

range of 800 to 1200oC. 
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Table 11.Oxides Found on Pre-Oxidized Nb Before Air Exposure 

Run No. Pretreatment X-ray Results (Surface Diffraction) 

32 Temperature 635 C 
He gas 88 min. 
CO/CO« mixture 32 min. 

P02 = 10"23atm 

Oriented Nb - cubic NbO 

33 Temperature 805 C 
He gas 70 min. 
C0/CO2  300 min. 

P02 = 10"17atm 

Oriented Nb - cubic NbO - plus one or 
more of the various Nb^O^ patterns - close 
fittoNb02 

34 Temperature 800OC 
He gas 330 min. 

P02= 10"6atm 

Oriented Nb - cubic NbO - plus one or 
more of the various Nb^O,. patterns - 
NbO stronger than on sample 33 

35 Temperature 800 C 
He gas (cleaned over Ti 
sponge) 

PO2 = 10~8atm 

Orie.ited Nb plus a few weak, ill defined 
peaks or broad, diffuse "humps" 
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VI.   CONCLUSIONS 

1. The diffusion coefficients of oxygen in the niobiotes TiO^-Nb^O- and HfO«-Nb«0- 

are too large for these oxides to be considered as diffusion barriers for the oxidation 

protection of Nb alloys. 

2. ALO^-Nb^Oj. exhibits no measurable deviations from stoichiometry.    NiO-Nb^O,. 

exhibits no measurable deviations from stoichiometry until partial oxygen pressures 
-13 

reach 10       atom or lower. 

3. The oxidation mechanism of the Nb based alloy B-l was studied.   A parabolic rate 

constant for initial oxidation of the alloy was determined. 

i          f/AOA^i^     in"7!      r 48'000 + 9'500call      2/    4    • k    =    (4.24 + 1.6) x 10      exp -       mg /cm -mm 

At 800 a very slow linear oxidation process controls the oxidation rate of B-l.   At 

1000 C the long time oxidation behavior is linear to break away, and a 0.020 mil 

sample is consumed in 80 hours. 

4.        Pre-oxidation of Nb at reduced oxygen partial pressures to form NbO affected the 

kinetics of subsequent air oxidation behavior. 
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APPENDIX A 

DATA COMPILATION 

The data gathered during these experiments are tabulated in Appendix A.    The first two 

columns of the data sheets are the experimental data, time in seconds, and corrected 

weight loss in milligrams.   The third column is the quantity -log (1 -M(t)/Q) when plot- 

ted as a function of time; the slope of this plot is used to determine the values of D for 

various oxides ;M(t)/Q in the fourth column is the ratio of the amount of oxygen lost at 

the specified time and divided by the total amount lost during the equilibration.    The 
2 

fifth column is a tabular of the weight loss per area for the sample (mg/cm ).   The square 

of this value plotted as a function of time is used to evaluate the value of D for the initial 
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TABLE A-1. Weight LossesJor Nb-O. Between the Oxygen Partial Pressure Range 
of 4.35 x 10    to 3. ZxlO"12 atm at 9670C 

TIME-SEC 

6^ 
i?n 
inn 
Pan 
300 
360 
ÜP.0 
wo 
7B0 
1^0 
138 0 
19^0 
2580 
3180 
378 0 
438 0 
408 0 
558 0 

IT-LOSS 

6.4F-P 
0.6E-r 
.116 
. Iß8 
. 136 
. W! 
. 1 44 
. 168 
. 18 
. 198 
.P04 
.P16 
.??4 
.P3P 
. P36 
.PP8 
. OP 

LOGC l-MCT)/f )      ■'i(7)/( 

-.1^4053 
-.Gioirif) 
-.5108P6 
-.660357 
-.76PI/I 
-.8 3 624? 
-.8754^9 
-.9 16291 
-1.P0397 
-1 .38 6P9 
-1.74P97 
-1.8Q71P 
-P.30P59 
-P.70805 
-3.^01? 
-4.09^34 
-P. 39 573 
-?,AC?A0 1 

.116667 

.r66667 

./i 

.43 3333 

.533 333 

.566667 

.583333 M 

. f M 

.7 W 

.75 1 

.8P5 § 

.8 5 U, 

.9 

.933333 
hi 
4's 

.^66667 1  i. 

.983333 

.^5 

.9 16667 

MC T)/A 

4 . 0 7 1 18 E- 
9.30555F- 
1. 59 58 3E- 
1.68 663E- 
1.8611 1E- 
1.9 7743E- 
P.035 5riE- 
P.09 3 75E- 
P.44P71E- 
p.6i7r-!i> 
P.878 9 b-P 
P.96614E- 
3.1406PE- 
3.P569/1E- 
3.3 7 3P6E- 
3.4314PE- 
3.3151E-P 
3. 198 78 E- 
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TABLE A-2. Weight Losses for NbuO« Between the Oxygen Portia 
of 3.7 x 10-12 to 6.^ x KHS ahn at 9670C 

I Pressure Range 

TIME-SEC WT-LOSS LOG« 1-M(T)/P) M(T)/0 M(T)/^ 

IPO P.3F-? -5.24465E-P 5. 10949E-P 4.071 HE-? 
130 9.3E-? -.135978 .169 703 1.35PP1L-P 
P/lO .15P -.324861 .P7737P P.P1007E-? 
30 n .P16 -.50114 .394161 3.1406PE-? 
360 .P64 -.657301 .43175P 3.3 3354E-S 
490 .363 -1.1133P .671533 5.35069E-P 
4«0 .403 -1.36463 .744 5P6 5.9 3PP9E-P 
540 .436 -1.58773 .7956P 6.33C)4E-P 
600 .46 -1.8P394 .339416 6.633 36E-P 
660 .47S -1.97554 .361314 6.86P84E-P 
7P0 .434 -P.14739 .333P1P 7.C373PE-? 
78 0 .5 -P.43507 .91P409 7.P6996E-P 
8 40 .51P -P.7PP76 .93^307 l.ii/itiä/iy-p 
goo . 53P -3.53369 .970303 7.735P4E-? 
1R00 .54 -4.PP633 .935401 7.3 5155E-P 
P/lOO .54 -4.RP63 3 .935401 7.35 1 S'.iK- ^ 
3000 .5P -P.97407 .943905 7.56076F-P 
3600 .54 -A.PP633 .935^01 7.8 5155E-? 
4PO0 .532 -3.53369 .9 703 03 7.735P4E-P 
43 00 .54 -4.PS633 .935401 7.35155E-P 
5400 .54 -4.PP6R3 .93 5401 7.35155E-P 
6000 .53P -3.53369 .970803 7.735P4E-P 
7P00 .53P -3.53369 .970803 7.735P4E-P 
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TABLE A-3. Weight Losses for Nb205 Between the Oxygen 
of 6.45 x 10-15 to 3.3 x lO-17 otm at 967SC 

Partial Pressure Range 

ri'MF-EEC 
T
,;T-LOSS L )G( l-M(T)/f ) MCD/r ■•KT)/6 

60 B.PK-P -0.13 1/i/iE-P p.m'i^z- ■P 7. 56'■ 76:,-3 
ISO . \m -r<.5:''~-? 8.?P???K- ■P ?. 1 51 9 1 F- P 
MO ,9ht -. 14566^ .135556 3.54 77/-F-? 
p/iO • 336 -.?0661/a .18 6667 /'.«^f'/'ir-P 
300 . /•- ?'■•■. -.P6^606 .P35556 6.16/9PF-P 
360 . 51? -.3 3460 6 . ?8/-/i/|/i 7./i/i^/!i/E-? 
^20 . 53 ^ -.355515 .3P6667 q, [s/:n-':7F-'> 

i^O . 64^ -,Z!/J?RP1 .357778 0.3 637!F-P 
5/10 .68 - ,/fT/■/I ^M .3 77 778 9.88 71/iF-p 
600 .77^ -.575^5^ ./■37770! . ! U'5 75 
660 . yi* -.63?7>l/i ./:68R80 .1PP717 
7P0 . S9P -. 6^/iP9R .40 5556 . 1 P9 60 6 
7^ n .9 36 -.733169 . h ? #^ . 13 60-/: 
^/JO .9 76 -.78 1371 .5^?P?P ^P . 1419 1 
900 1.01? -,fi?^04/! .56PPP? . . 14 71/1/ 
1P00 1.0^ -.^4 65 57 .571111 a . 1 /■.-)/i 7 
1500 1.PO/1 -1.1053 .668889 i8 

.17506! 
1R00 1. p/i* -1 . 18199 .693333 . 18 l/;5^ 
2/100 1 . 3 1 P -1.305P3 .7P8889 ^S^ . 10 0 7 6/! 
3000 1.37? -1./J364S .76Pr?g = 5 . 1 19/,■«;• 
3600 1./J36 -1.50^30 .79 777" o ,,' 

a» . or r/03 
/i?on 1 ./j^/J -1.7398 . '^ttiit .PI 577? 
6000 1 . 56/J -P.03171 .8688c'0 . ??7/'0," 
7?00 1.6? -P.30P5O .9 .? 3 55/i 7 
8400 1 .656 -P.5?573 .no . ?/;0 78 i 
9600 1.66^ -P.61P7/I .9?6667 . ?/;P5?r 
10«! 00 1 . 6«? -P.8 13/il .9/' . "/:6^1 S 
1S000 1.716 -3.06/73 ."»53 333 . P/10 50 5 
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TABLE A-4.    Weight Losses for 1.67:1 TiCh-NÜ^Os Between the Oxygen Partial 
Pressure Range of 5.75 x 10-2 t0 4.6 x 10"15 atm at 819°C 

TIME-SEC V'T-LOSS L0G( 1-M<T)/P) M(T)/0 M( T)/^ 

60 8.E-3 -4.00804E- •3 4.E-3 I.12419E-3 
ISO 2.E-2 -1.00503E- •2 l.E-P 2.81047E-3 
no P.8E-2 -1.409S9E- •2 1.4E-2 3.93/I66E-3 
430 5.6E-2 -P.83995E- ■2 2.8E-2 7.869 32H-3 
780 9.6E-P -4.9190PE- ■2 4.8E-2 1.34903E-2 
108 0 .1P8 -6.61398E- •2 6.4E-2 1.798 7E-2 
1680 • PIP -.11205 .106 2 . 9 79 1E- 2 
P?8 0 .284 -.153151 .142 3.9908 7E-2 
P880 .348 -. 191161 .174 4.89n2?E-P 
3^8 0 .4 -.223144 .2 5.6209/IE-2 
4080 .46^ -.263966 .P32 6.52029E-2 
4680 .512 -.295714 .256 7. 1948E-2 
5310 .568 -.334075 . 28 4 7.0R17/1K-2 
6/WO .65 -.393043 .325 9.13403E-2 
768 0 .732 -.455706 .366 .inp«63 
88« 0 .812 -.520876 .406 .11A1C5 
10080 .86 -.562119 .A3 . 12085 
11280 .93 -.625489 ./!65 .1306*7 
1AP80 1.1 16 -.8 16445 .558 . 15 68 2 A 
17P80 1.176 -.886732 .58*! .165256 
20P30 1.316 -1.07294 .658 . IS'^pq 
P3P80 1.302 -1.19073 .69 6 .10 5609 
S6P80 l.-sop -l.370.''2 .746 .20066! 
pgpso 1.57/J -1.5464 6 .7^7 .221 H ^ 
3PP80 1.62* -1.67131 .8 12 .22321 
35P80 1.72 -1.96611 .86 . 2/ 1 7 
38 280 l.R -2.30259 .9 • 2529/2 
41280 1.76 -2.12026 .88 .2/7321 
44P80 1.8 -2.30259 .9 .2529/2 
47280 1.824 -2.43042 .91? .256315 
50280 1.3 24 -2.43042 .912 .256315 
53280 1.8 6 -2.659 26 .93 .26 137/' 
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TABLE A-5. Weight Losses for 1.67:1 Ti02-Nb205 Between the Oxygen Partial 
Pressure Range of 4.6 x 10-15" to 6.06 x 1 (H 8 atm at 81 ^C 

TIME-SEC IT-LOSS 

fsr 3.PE-P 
IPO 5.6E-? 
1^0 R./JE-P 
P/JO . 13P 
300 . 16B 
360 .P 
/IPO .PP/| 
/mn .P/i« 
5^0 .P5P 
600 ,PW 
660 »P(rt 
7P0 • ?m 
7^0 .pq/i 
H/iO .P9P 
900 .3 
1P00 .3/] 
1500 .3^.? 
1300 . 3 6R 
P^no .30P 
3000 ./;0/i 
3600 ./IP 
/»POO ./tP8 
4^00 ./i/i 

5/100 ./»/!/! 
6000 ./I5P 
7PO0 ./J5? 
PI400 .47? 
9600 ./i7P 

LOGC i-'CD/r)    M(T)/r 

-6.95933E-P 
-.IP5163 
-. 1">/M56 
-."P/177 6 
-./i3531'1 
-.5/!5017 
-.6359^9 
-.73 60 7P 
-.75377P 
-.^97.18 
-./IP 7-^^ 
-.^77151 
-.9079PP 
-.

C
>50/JSP 

-.99/)9 3/! 
-NP5P76 
-1.3/J51/J 
-1. 41329 
-1.73/16 
-l.c5T?!7r. 
-P. l/iOO? 
-P.P9/IPP 
-P. 5^19 
-p.69961 
-P.91736 
-P.9f?736 
-A.7791? 
-/.'.779 1P 

r-..7PPr-9F 
.1 176/'7 
.176/171 
.P77311 
.^SPQ/il 
./POlf^ 
./!705^^ 
.SPIOOI 
. RPI/llP. 
.563OP5 
.5630?5 
,51/in?/J 
.5^6639 
.61 Si/15 
.630P5P 
.71/iP''«6 
, 730/10^ 
.773109 
.1P35P9 
.':;/.'1739 
.11P353 
.19916 
.9p/)37 
.r)3P773 
.9/19 51 
.O/IQ^R 

.991597 

.991597 

a 

I" 

■8.1 5 > 
10 

3 

1 
a» 
w a» 

/!./'^c-75r-3 
7.^6-i3PF-' 
i. rif/i-p 
1.15/19 IE-p 
P . 3 ^ r;-; p -;: 
P. i 10/I7E-P 
3. 1/)773E-P 
3./lR/!OC(}--p 
3.5/1I 1">E-P 
3.76603E-P 
3.76603E-P 
3.ynci.5E-r 
3.9^0H7E.-P 
/;. 103Pf)E-P 
/i.P1571E-f 
/i.777^L-P 
/!.9/I6/J3E-P 

5.171P7E-P 

5.67715E-r 
5. "»mo >K-P 
6.01/'/;lE-P 
6. 11303E-P 
6.P39P/1E-P 
''-.3516f-E-P 
6.3516^E-P 
6.63P71E-P 
'•63P71E-P 
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TABLE A-6.    Weight Losses for 1:67:1 Ti09-Nb205 Between the Oxygen Partial 
Pressure Range of 6.06 x ]0-'8 to 4.9 x 10"20 atm at 8190C 

TIME-SEC WT-LOSS LOGC 1-M<T)/P) M(T)/0 MCT)/A 

60 7.2E-? -.113329 .107143 l.nil77E-2 
120 .112 -.182322 .166667 1.5738 6E-2 
180 .144 -.241162 .214286 2.02354E-2 
240 .168 -.28 7682 .25 2.3608E-2 
300 .192 -.336472 .2<?5714 2.69805E-2 
360 .216 -.38 7766 .321429 3.03531E-2 
420 .24 -.441833 .357143 3.37256F-P 
480 .26 -.489235 .386905 3.65361E-2 
540 .272 -.518794 .404762 3.82224E-2 
600 .288 -.559616 .«23571 4. 04708E-2 
660 .3 -.591364 .446429 4.21571E-2 
720 .316 -.635328 .470238 4.44054E-2 
mo .332 -.681313 .494048 4.66538E-2 
«40 .344 -.717245 .511905 ^.83401E-2 
goo .36 -.767255 .535714 5.0588 5E-2 
1200 .384 -.847293 .571429 5.3961E-2 
1500 .472 -1.21194 .70238 1 6.63271E-2 
1S00 .504 -1.38 629 .75 7.08239E-2 
2400 .552 -1.72277 .821429 7. 7569ü> 2 
3000 .568 -1.86587 .845P38 7.98 174E-2 
3600 .584 -2.03292 .869048 8.P0657E-rj 

4200 .596 -P. 17Q53 .386905 «.375rE-2 
4R00 .616 -2.484Q1 .916667 ':!.65625E-? 
5400 .62 -2.55901 .922619 8.71246E-2 
6000 .628 -2.72607 .934524 8.824R8E-? 
7200 .628 -2.72607 .934524 8.824g8E-2 
8400 .624 -2.63906 .928571 8.76867E-2 
9600 .612 -2.41591 .910714 8.60004E-2 
10800 .624 -2.63906 .92R571 8.763 67E-2 
12000 .632 -2.82138 ,q40476 8.88l00r-2 
15000 .668 -5.12397 .994043 9.33 69 7E-2 
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TABLE A-7     Weight Losses for 2.85:1 Hfq2-Nb205 Between the Oxygen Partial 
Pressure Range of 6.6 x KHo to 8.42 x 10-19 atm at 7860C 

TIME-SEC VT-LOSS LOGfl-MCT)/0) M(T)/r MCT)/0 

r,0 l.PE-P -8.7011/fE-? 8.33333E- i.eponK-s 
IPO P./lE-P -. npsp? .166667 3.Pi'!0 35E-3 
i«n 3.SE-? -.P5131A .PPP22? /i.3?0/'7E-3 
P/!0 A.RE-P -./405A65 .333333 6.4ci07E-3 
300 5.6E-? -.ütOp/i?? .3«BRn9 7.560c!PE-3 
360 6.f?E-P -.6390B .47PPPP 9. l!?r90E-3 
/IPO 7.6E-P -.750306 .52777« 1.0P6,11F.-P 
mo K.E-P -.^1093 .555556 1.03 01PE-? 
s^n 8.E-P -.^1093 .555556 1 .r301?E-P 
600 B . E- P -.>n09 3 .555556 1 . CSOIPE-P 
660 B./lE-P -.^75^69 .5"! 3333 1.13^1PE-P 
7P0 R.^E-P -.-)4446P .611111 1. n>n3E-P 
7=5 0 3 »RE-P ..cilibäW .611111 1. lo", 13E-? 
10^0 R . E- P -.Ml 09 3 .555556 tab, 1 . C -^ 0 1 P E- P 
13^0 7.PE-P -.69 31^7 .5                 1 m 5,7Pio5r;-3 
163n 7.6E-P -.75030 6 .5P777:' 

^Qm 1.0?6111-? 
PP^O «.AE-P -.^75/i69 .5=? 3333 1. 13/;1?T-? 
P^^O ^.K-P - . 8 1 09 3 .555556 §81 1 .OT ITE-P 
3A^n 0.6F-P -1.098 61 .66 6667 Sj, l.;-"-l/:E-;' 
/iP^n , inr< - 1 . 3M 6P9 .75 ■83 1,/.R^ ir r-c 
iiWO . IP/I -1 .9 7/JOM . ;< 61 I 11 ■p 1 . 67/iinF.-1,' 
SP^O . 136 -P.«9037 ,()Ülitt\l> 1» 1 .0'36PF-r 
57^0 . 13P -P./lR^)'"»! .916667 01 «I 1.73ri9E-P 
70^0 .14 

. 116 -1.63761 
.9 7PPPP 
.3 05556 

a£M l.39rpE-r 
^P'JO 1.56617?-r 
9^0 . l/i -3.5(;!35P .07prPF l.'?0?F-P 
106^0 . 13P -P.«'1/J9 1 .9 1666 7 1.7-;; r^r-p 
Wl^^O . l/i -3.53 35? .9 7PPPP 1. ^orr--'"' 
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TABLE A-8     Weight Losses for 2.85:1 HfOr-N^Os Between the Oxygen Partial 
Pressure Range of 8.42 x 1(H^ to 8.69 x lO"22 atm at 7860C 

TIME-SEC WT-LOSS L0G( l-M<T)/r) MCD/r /id)/A 

:     60 4.E-3 -3.07716E-2 3.O303E-2 5.40058E-4 
l?o 1.6E-? -.129212 .121212 2.16rp3E-3 
nn 8.8E-2 -.238411 .212121 3.78041E-3 
P40 4.4E-? -.405465 .333333 5.9/i06/.'E-3 
300 5.RE-S -.500775 .39 3939 7.02076E-3 
360 6.E-? -.606136 .454545 8. 10088E-3 
UPO 6.4E-? -.663294 »mUHM 8. 64003E-3 
4=10 6.8E-S -.723919 .515152 9. 18 099E-3 
540 7.SE-P -.788457 .545455 9.72105E-3 
840 9.2E-2 -1.19392 .69697 1.24213E-2 
1M0 .108 -1.70/175 .818182 1.458 16E-2 
1440 . 124 -2.80336 .939 394 1.67418E-2 
2040 . 128 -3.49651 .969697 1.728 19L-2 
R640 . 124 -2.80336 .939394 1.67418E-2 
3P40 . 124 -2.80336 .939394 1.67418E-2 
3900 .116 -2.11021 .8 78 788 1.56617E-2 
4440 .116 -2.11021 .8 78 788 1.56617E-P 
5040 .1 -1.41707 .757576 1.35015E-2 
5640 8.4E-2 -1.0116 .636364 1.134 12E-2 
6840 8.8E-2 -1.09^61 .666667 1. 18813E-2 
«040 V 104 -1.5506 . 78 78 79 1.40415E-2 
9P40 .12 -2.3979 .909091 1.62018E-2 
10440 .12 -2.3979 .Q0909 1 1.62018E-2 
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TABLE A-9    Weight Losses for 2.85:1 Hf02-Nb205 Between the Oxygen Partial 
Pressure Range of 3.1 x lO"2 to 8.11 x 1(H2 atm at 9830C 

TIME-SEC 

60 
IPO 
j«n 

PMO 
300 
36-0 
/iPO 
/|R 0 
5/in 

600 

VT-LOSS 

p.füE-P 
/t.E-P 
5.PE-P 
6.E-P 
6.E-P 
6.F.-P 
6.F-P 
6./1E-P 
6./IE-P 
7.PE-P 

LJGC l-:<CT>/r )      M(T)/0 

- . 3! 109 3 
-l.pq093 
-1.7T176 
-1.7^176 
-1.7917^ 
-1.7H 76 
-p.mpp 
-P.107PP 

.555556 

.7PPPP? 

.'^ 33333 

.'^33333 

.^33333 

.H33333 

M(T)//> 

3. 7aO/ilI-3 
5./-'O05^E-3 
7.0P0 76E-3 
^.ior^«E-3 
■-'., iro^f<E-3 
>5. iro^^E-3 
3, 10O"!P!E-3 
■•>,, ^/•0'3 3E-3 
H!.6äO=)3E-3 

Reproauced 
best available 

Irom 
copy- 
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TABLE A-10   Weight Losses for 2.85:1 Hf02-Nb205 Between the Oxygen Pbrtial 
Pressure Range of 8.11 x 10"^ to 2.24 x lO"14 atm at 9830C 

TIME-SEC WT-LOSS LOGC l-M<T)/0) M(T)/r M(T)/A 

ISO P.4E- •2 -.141412 .131868 3.24035E-3 
180 3.6E- 2 -.2204 .197802 4.86053E-3 
PAO 4./1E- •2 -.276753 .241758 5.94n64E-3 
30 n 6.E-2 -.39998 6 .329 67 8.1008(!E-3 
360 7.2F.- •2 -.503526 .39 5604 9.72105E-3 
/JPO 9.6E- 2 -.749659 .527/i73 1.2961/!E-2 
/».«?o • 1 -.797287 .549451 1.35015E-P 
560 .112 -.955511 .61538 5 1.51216E-2 
600 .12 -1.07687 .659 341 1.62018E-2 
660 .128 -1.21502 .70329 7 1.72819E-2 
790 .1/4 -1.46634 .769231 1.8902E-2 
7^0 .156 -1.94591 .857143 2.10623E-2 
H/\0 .164 -2.31363 .901099 2.21/I2/IE-2 
QOO .176 -3.41225 .967033 P.37626E-P 
1?00 .1^ -4.51086 .989011 2.43026E-? 
1B00 .18 -4.51086 .989011 P./I3026E-P 
IROO . 164 -2.31363 .901099 ü 2.21/124E-2 
P/400 .172 -2.90142 .945055 H 2.3P2P5E-2 
3000 .158 -2.02595 .868132 x 2.13323E-2 
3600 .152 -1.8 028 1 .835165 a 

E 8 P.052P2E-2 
6200 .144 -1.56642 .79 1209 o 0 

-t: « 1.94/I21E-P 
4300 . 148 -1.67765 .813187 

-S 1.99"!PPE-P 
5400 .156 -1.94591 .8571^3 «-2 

3" P.106P3E-P 
6000 . 156 -1.94591 .8571/13 ii p. i06P3r;-p 
7200 .156 -1.94591 .857143 P.10623E-? 
R/iOO .15616 -1.95208 .858022 oc-fl 2. 1 08 39 E-2 
9600 .156 -1.94591 .857143 P. 106P3F.-2 
10ROO .148 -1.67765 .813187 1.998PPE-2 
12000 .152 -1.80281 .835165 2.r.5222E-2 
15000 .148 -1.67765 .813187 1.998PPE-P 
18000 .16 -2.11296 .879121 P.160?3r-P 
21000 .156 -1.94591 .857143 P.10623F-2 
24000 .16 -2.11296 .879 121 2. 160P3E-? 
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TABLE A--/"    Weight Losses for 2.85:1 HfOo-N^Os Between the Oxygen Partial 
Pressure Range of 2.24 x lO"1^ to 7.98 x 1(H7 atm at 980oC 

TIME-SEC l-T-LOSS LOGC l-MCD/O) M(T)/r MCT)/A 

60 3.6E-P -5.35842E-e 5.P1730E -2 A. 160531::-3 
!?n . 104 -.16337? .150725 1.40415E-2 
IRO .16 -.P63115 .231884 2.16023E-2 
PAO .908 -.358741 .301/i/'9 2.8083E-2 
3 on .?44 -.436373 .353623 3.P943CE-2 
360 .P76 -.510826 ./i 3.726/IE-2 
4?n .3P8 -.64 5047 ./175362 4.42148 E-2 
480 .356 -.725551 .515942 /1.8065PE-2 
5^0 .3^P -.6^4489 ./I9565? /1.M75K-2 
600 .4P8 -.068 347 . r-:202Q 5.778 6PE-2 
6fin .444 -1.03136 .64347« 5.00/.65E-? 
7P0 .^56 -1.08137 .6608 7 r^. 15667K-2 
710 .48P -1.19915 .608 551 6.50 77E-2 

'   840 .49 6 -1. 2688 3 .718841 6.6067PE-? 
1P0O .504 -1 .3109/1 .730^35 6. 8 0/; 7/i E-2 
ison .5P -1.40089 .753623 ^^ 7.020 76E-2 
1100 .548 -1.58086 .70/1203 mm 7. 30«8E-2 
2400 .576 -1.8 00/19 .834783 wm 7.7768/;E-P 
3000 .576 -1.8 0049 .834783 I   >c/ 7.77684E-P 
3600 .58 -1.83621 .84058 /f8/ 7.1308 5E-2 
4P00 .596 -1.9934 .863768 8.0^68 7E-2 
48 00 .608 -2.12997 .881159 8.20889F-2 
5/100 .6P4 -2.34704 .9 04348 •1?/ l./(2/i9 IE-2 
6000 .636 -2.54771 .921739 !• 

1.58r19 3E-P 
7P0O .66 -3. 135/19 .9 56522 | h 1.9109 6E-? 
R400 .67P -3.6/163? .9739 13 1 [£.0/ 9.07291E-P 
9600 .67P -3.6463? .973913 9.0729r'E-2 
10800 .684 -4.74493 .99130/; 0.2351>P 
iporo .688 -5.84355 .007101 9.28 0E-P 
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TABLE A-12   Weight Losses for 2.85:1 Hf02-Nb205 Between the Oxygen Partial 
Pressure Range of 4.6 x 10-2 to 1.2 x lO-8 atm at 11920C 

TIME-SEC WT-LOSS L06(l-M(T)/0) M(T)/C M(T)/A 

60 4.E-3 -1.50379E-2 1.49254E' -2 5.40058E-4 
180 6.E-S -.253449 .22388 1 8.10088F-3 
1^0 .108 -.515813 .40298 5 1.45816E-2 
240 .144 -.770705 .537313 1.94421E-2 
300 .148 -.803495 .552239 1.99822E-2 
360 .148 -.803495 .552239 1.99822E-2 
4P0 .156 -.872488 .58 209 2.10623E-2 
430 .16 -.9088 56 .597015 2.16023E-2 
540 .16 -.908856 .597015 jBBfr 2.16023E-? 
600 .16 -.908856 .597015 JK9 2.16023E-2 
660 .172 -1.02664 .641791 

rqm 
2.32225E-2 

720 .18 -1.11365 .671642 I   ^1 2.43026E-2 
10P0 .22 -1.71079 .320896 111 2.97032E-2 
13!?0 .172 -1.02664 .641791 P.32225E-2 
16PO .172 -1.02664 . 641791 I"0"«/ 2.3P225E-2 
P2P.0 .20* -1.4321 .761194 Jl 2.75/I3E-2 
2SP0 .212 -1.56564 .79 1045 o • 2.86231E-2 
3420 .216 -1.63974 .8 0597 li 2.c>1632E-2 
4020 .22* -1.8068 .835821 

oc^o 3.n2433E-2 
4620 .232 -2.00747 .865672 3.13234E-2 
5280 .232 -2.00747 .865672 3.13234E-2 
5fl20 .24 -8.25378 .895522 3.P403bE-2 
7020 .264 -/UP0469 .985075 3.56439E-? 
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TABLE A-13   Weight Losses for 2.85:1 Hf02-Nb205 Between the Oxygen Partial 
Pressure Range of 1.2 x lO-8 to 2.92 x lO-11 atm at 1192oC 

TIME-SEC UT-LOSS LOGC 1-M(T)/C) M(T)/0 M(T)/.A 

60 .12/! -.242425 .815278 1.67418E-2 
120 .2/»8 -.563094 .430556 3.3/i836E-2 
MO .316 -.795426 .5/18611 4.26646E-2 
2/10 .36 -.9^08 29 .625 4.86053E-2 
son ./; -1.18 562 .69/1/144 5.40Pbc!E-2 
360 .428 -1.3589 .7/!3056 5.778C2E-2 
420 ./14P -1.50408 .777778 6.0/48 65E-2 
4RO ./I6R -1.67398 ' .8125 6. 318 68 E-2 
510 ./IP! -1.79176 .833333 6./I8 0 7E-? 
600 ./IRR -1.87877 .847222 6.58S71E-2 
660 ./l3!/! i* |-1.8 3432 .8 40278 6.53471E-P 
720 ./f^/i fäß '-1.8 3432 .8/0278 6.b3/i71E-2 
720 ./iR/! /   x7 -1.83432 .840278 6. 53/17IE-2 
8/10 ./MR 

/o^/ -1.8 78 77 .8/17222 6.5887IE-2 
TOO ./I92 M*/ -1.92529 .854167 e.6^27PE-2 
1200 ./iQ6 /??/ -1.97408 .«61111 6.69 672E-2 
1500 ./i92 A>7 0* 

-1.9252^ .854167 6.6/I272E-2 
MOO .492 -1.92529 .854167 6.64272E-P 
2/100 ./J'92      , *• «1 / -1.02529 .8 5/: 167 6.642 72E-?: 
3000 .512     t •^f/ -2. 19722 .888889 6.91275!:-P 
3600 .504 -2.079 4/1 .875 6. 8 O/17/1E-2 
4200 .516 -2.P6176 .89 58 33 6.96675E-2 
/iP!00 .504 -2.0794/t .875 6.80474E-r 
5400 .524 -P./1048 6 .909722 7.07/i76F-r 
6000 .556 -3.36038 .965278 7. 5068 IE-2 
7200 .572 -4.96981 .993056 7.72283E-2 
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