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DEFINITION OF TERMS
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Jo = Oxygen flux (gmms/cmz/sec)
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o e Tetone

T = Thickness of structural material consumed (cm)

Jm = Cation Flux Through Oxide (groms/cmz/sec)

® = Pilling-Bedworth ratio

| = 1/2 thickness of oxide (cm)
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ABSTRACT

The chemical diffusion coefficient of oxygen in NBZOS at 967°C, in 1.67/1.00 mole ratio
TiOz:szos niobate at-819°C and in a 2, 85/1. 00 mole ratio HfO‘zszZOS 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-
Nb205 and AI203-'Nb205 systems did not show indications of nonstoichiometric behavior as
did the niobates containing TiO2 and HfO,. The oxidation behavior of niobium alloy B-1
(Nb-15Ti-10Ta-10W-2Hf-3Al) is reported for temperatures of 800, 1000, and 1200°C; The

parabolic rate constant for the B-1 alloy was found to be

0 =(4.24 +1.6 x 10-7) exp [48’000 + 9,500 cal ] mgz/cm4/min

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.
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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 majority 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 domage by thermal shock and physical impact. It is generally
held that coatings,which are necessary to insure structural integrity, are not acceptable; cnly

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 anions 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 | study has shown that high pressure high temperature exposure of Nb20 5 does
produce a denser phase that maintains its characteristics after quenching to room temperqture(I ).
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-1 (Nb=15Ti-10W-10Ta-2Hf-3Al). 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<1 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(2). Also, during Phase | the ability to form mixed oxide
structures on Nb, Ta, and the B-1 alloy at low temperatures was demonstrated. A tapiolite
(rutile) structure was formed on these materials in an aqueous autoclave doped with Fe3+

(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 | 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 diffu(s::oz)of oxygen through these scales. Resulting from this review, the

'

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 n 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 anion or cation transport through the oxide still determines the rate of oxidation protection
afforded by the oxide. A knowledge of this transport rote is therefore essential when
choosing systems for further investigation; for even if one could guarantee and achieve o
coherent oxide-substrate system, oxygen transport rates will ultimately detemine the rate

of oxidation.

As a result, primary effort during Phase |l was therefore directed toward examining the chemical
diffusion coefficient of oxygen in mixed niobates, namely Nb205 + TiOz, Zr02, Hf02,
A|203, Cr203, NiO, C030 & Fe30 " and V205. Binary oxid?éc;omposiﬁons 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 e lemental oxide powders. Transport
rates were measured at 800, 1000, and 1200°C in oxygen partial pressures between 0. 20 atm,

and 10-22 atm,

The rate of change of weight due to oxygen removal was detemined continuously using a
Cahn RH recording microbalance. Of the oxides mentioned above, TiOz-szos, HfOz-
Nb205, and Nb205 exhibited deviations from stoichiometry as a function of oxygen partial
pressure, Two separate NiO-Nb205 systems showed no deviation from stoichiometry until
an apparent reduction reaction began and then very large weight losses were recorded.
A|203-Nb205 exhibited a mixed behavior which has yet to be rationalized. The remaining
sytems will be evaluated during Phase (1l 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-Nb205 the oxygen partial pressure ot which reduction began indicated
that the oxide phase would not be stable, i.e., would give up oxygen 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 detemine the oxygen diffusion coefficient.

Values of the chemical diffusion coefficient D measured during Phase Il 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=1 alloy sampies were oxidized in air at 800, 1000, ond 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.
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TABLE |. Values of the Chemical Diffuion Coefficients for Oxygen
in szos and Other Nicbotes
Time Inteival Initiol Final
- OverWhich | Deviation From Equilibrium Equilibrium
D Was Stoichiomeiry Oxygen Oxygen
System 7 2 Measured | NB205., Pressure Pressure Femperature
Mole Ratio (10 " cm /sec) (sec) (moles oxygen) (atm. ) (otm. ) C)
36.6 280 0.00177 -2 -12
.99 3520 0.00325 4.35x10 3.7x10 ) 967
27.0 400 0. 00843 =12 ~15
Nb205 36.8 1100 0.0112 3.7x10 6,45 x 10 967
9.8 1100 0.02713 -15 -17
2.03 10, 900 0.0360 6.45x 10 3.3x10 | 967
Deviation From :
Stoichiometry
Milligrams of ‘
Oxygen A
2,00 53, 000 .86 | 5.75x10°° 46x107° | @19
62,80 500 2,12 .15 18
1.67:1.00 27.70 700 2.20 4.6 x10 6.06 x 10 819
e 13.30 4800 2.332
T10,:N6y05 | 33,3 500 2,59 8 20
25,6 1700 2,812 . 6,06 x 10 A.9x10 . 819
10.3 3800 3.004 | U
7.7 7000 0.276 | s6x107® 8.69 x 10722 786
3.6 600 0.072 3.1x1072 8.1 x 1072 983
10.3 650 0.202 8.11 x 1072 2.24x 107" 983
29.4 550 0.254 RY .17
7.0 850 0.744 2,24 x 10 7.98 x 10 983
2,85:1.00 1.05 11,150 0,944
HfO,,:Nb,O 18.1 250 -- -2 -8
277275 17 6250 0.268 4.6 x10 1.2x 10 192
15.3 500 0.408 -8 -1
0. 529 4900 0.792 1.2x10 2,92 x10 1192
6.12 7200 0.844
]

ety el



Il. 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 detemine 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. 1/T for the high
temperature oxides. The data has been gathered from the compilations of Bernard published
in 1962(3), Brett and Seigle(4) 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 anions diffuse from the gas-oxide interface to the oxide metal

interface is given by

Jo (molecular wt = M) « k )

T= i X (molecular wt - O)

where Jo is the oxygen flux through the oxide scale, Pm 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 ina
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stoichiometric oxide, i.e., for MO, k =1 and for M205, 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 tronsport

process, then equation 1 simplifies to: J

Py o
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 grodiant representing the driving force for the transport of anions 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

atomic volume of metal 2 2)
where both volumes refer to equivalent amounts of metal, i.e.,
®NbyO5 = MV 0,72 AVNb )

where MV is molecular volume and AV is atomic volume. Then from the values listed in
Kubaschewski and Hopkins(S), (i.e.d=2.68 for Nb205) 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
X2

Dzﬁ

where X2 =kt and k = 5D based on the work of Brett and Seigle(4), 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 piots of |o:>g]0 Dvs. 1/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 Do ond Q, and

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 A|203, SiOz, or Cr203 asa
barrier between the oxidizing environment and the structural substrate. The diffusion co-
efficient for oxygen in a - Nb205 has been shown to be a function ~f oxygen pressure(9).

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

2 Diffusion t Tolerated X Oxide Linear
D(Cm*“/sec) Time (Hrs.) |Metal Loss (mil) | Thickness (mils) Average Rate
3.23x 10712 1000 1.0 3.0 0.01 mil/hr
3.23x 107" 100 1.0 3.0 0.01 mil/hr
3.23x 10719 1000 10.0 30.0 0.01 mil/hr
3.23x 107'° 10 1.0 3.0 0.1 mil/hr
3.23x 1077 100 10.0 30.0 0.1 mil/hr
323 1078 1000 100.0 300.0 1.0 mil/he
10 ' 1000 30.0 1.0 mil/hr




3pIXO 3Yi YBnouyj 4ua1d133207 UOISNYIQ |PDIWAYY) Y4 JO SAN|DA
SNOLIDA 104 SWi] O UOLIDUNY D SD PaWNSUO)) D43y Buimoyg 40]d 4ua1o143307) UoIsNyjip-0s| | a4nbiyg

[sEnop | awi |

0oL o8 ow or 0z 0l

Mﬂﬁ____ | _ ___

(S11W) 5507 [o4aw 3|qosN

10



Astronuclear
Laboratory

®

@31a195 2unypi1adwa ] paypAa|] J10j 3|qp4ING sapix() YBNouy| suoiuy pup sLUOIIDY) 104 JUBID144907) uoisnyg “Z 3nbiyg

_“_lu.n". pOl * Ll

ol & g £ 9 17 r
1 I T
X _ " @) Eotiv-1v J
(t9) Tobaguz-uz — =
(65) Quz-uz
(sv) Eofiv-0
- G-
iez) Folion-1o ri=
{e1) Yorex-eon
(g) Yoliuz-n f-g
(1) Folrv-1v <
(sz) Yol ivin-1 2
cl= .VZ
4 0001/|1w | —_—— 2
o1) Fafinen-13
¥ N 4 [ N
B T [ — 1) OINe0
(51) ObBw-Bywy
JE— ﬁ——'
¥ i
o1 09) YOEizus-uz
(z1) Yoliey-os
(1) Pofinen-o3 — s-
14 001/11w D1 e — - -
(¢) *ofiyer-1y (9) O%-
| ! | | I
e ™ To0T &Slu Sf o_# &_m_ %

(2g) aunjoiaduia |

1



921A43G ainypiadwa] pajpAa|] 0t 9|qp4ING SaPIXO YbBnoiy] suoIuy puD SUOI4DY) O} JUDID144207) UolIsNyiq ¢ @nbly

(M) ,OL*L/1
ot 6 8 Vi 9 S ¥
| T 1 | | |
pu— ﬂ_l
(s} Zois-0 — c1-
i -
(Zz) TofivinN-1N
@e) Tofoin-n = wl
(£2) ©B3-83 (9z) ©od-0 D
. =
(9) "obiouz-uz / Ha- >
N 0001,/ W | — - — y = 5
LE} IDNHU_ZI_Z - |-
001/ 1w | : _— - — ;
(08) OBw- .24 Ze) "oFiDtN-IN
ve) 01-0 i98) Yolfioin-0 — oi-
MOLNW | — - ae
€k in
(@) £ofi-id ’ wz) Tolimim-1a
(99) "ofaguz-uz - -
5y 0oL/ o1 o - 59T R g7 e S N ;
| | | | | | | | N | g -
008 006 0001 00Z 1 00 0091 0081 0002

(35} aunyoiadiua |

12



Astronuclear

Laboratary
TABLE 3. List of Mobile Species in Matrices Which Have Shown Low Transport Rates

Mobile Melting Identification
Species Matrix Point (°C) Structure No. for Graph Reference

o MgO 2800 NaCl 35 5

Mg 15 4

Fe2* 80 6

0] AI203 2015-2050 Cr203 33 5

O 34 4

o 45 4

Al 1 4

Al 2 5

Cr CoCr204 N.A. Spinel 10 5

Cr 9 4

Co 12 5

Co n 4

Ni | Nic,0, | NA Cspinel | a1 | 4
*Ni 32 5

Cr 23 4

Cr 24 5

Co CoA|2O 4 1955 Spinel 14 5

Co CoTi O3 N.A. Cr2O3 13 5

Cr ZnCr204 N.A. Spinel 8 4

Zn 65 4

Zn SnZn20 4 N.A. Spinel 63 4 o

Zn Zn Fe2O 4 1720 Spinel 66 4

Zn 67 4

Ni [ NiaLo, 2020 Spinel 22 4

Cr 2 4

Cr Cr203 2000-2440 rhombohed:DSi 7 5

*Corrected Data from Ref. 4 .

13




TABLE .3 (Cont'd.)

Mobile Melting Jdentification

‘Species Matrix Point (°C) | Structure No. for Graph Reference
o BeO 2520-2550 Wurtzite 47 4
Be 5,6 4
o] Tio, 1870 tetrag:C4 (rutile) 39 5
Zn ZnO 1970 Wurtzite 59 4
Ca CaO 2545-2570 NaCl 33, 26, 27 6
o) SiO2 1700 Quartz (hexagonal 55 5

14
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TABLE 4. List of D_ and Q Values for Diffusion of Species in Oxides Listed in Table 3

# Corrected Data from Ref. 4,

15

—

Mobile l.D. '; Q Temper%rure Range
Matrix Species Coefficient | (cm /sec) kcal/mole C
MgO o} 35 2.5%107° 62.4 (1300 - 1700)

M 15 0.23 78.7 (1400 - 1600)

Fel* 80 8.8 x 10 4.7 (1000 - 1850)
A0, o) 33 0.2 110.0 < 1450

o 34 1900 1520 > 1600

o) 45 6.3x 10" 57.6 < 1600

Al 1 25,000 135.0 ———

Al 2 28 144.0 —

) I

CoCry0, Cr 10 300 85.0 (1200 - 1400)

Cr 9 2 70.0 (1400 - 1600)

Co 12 80 90.0 (1250 - 1400)

Co N 10-3 51.0 (1400 - 1600)
NiCr,0, Ni 31 1.5x1073 61.4 (1130 - 1450)

Ni* 32 0. 85 75.0 D

Cr 23 0.75 73.0 (950 - 1450)

Cr 24 200 89.0 (1250 - 1400)
CoAl,O, Co 14 8 85 (1200 - 1500)
CoTiO, Co 13 500 95 (1000 - 1200)
Zr Cr0, | Cr 8 9 8 (1000 - 1400)

Zr 65 60 85 (1000 - 1400)
$nZn,0, Zn 63 37 76.3 (1000 - 1250)
ZnFe,O, Zn 66 1000 _, 86,0 (900 - 1350)

Zn 67 8.8x10 86.0 -
NiAlLO, | Ni 22 2.9x107° 53.3 (880 - 1388)

Cr 25 1.17x107% | 50.0 | (900 - 1200
Cr,0, Cr 7 0.137 61.1 (1045 - 1550)




TABLE 4 . (Cont'd.)

U

16

Mobile I.D. 5 Q Té}nperafure Range
Matrix Species Coefficient | (cm/sec) kcal/mole °c
BeO o 47 5.2x1077 42.9 (1600 ~ 1500)
Be 5 .37, 91.9 1500 - 1725
Be 6 1.1 x 10 36.15 1725 - 2000
TiO, o 39 1.6 74.0 (1200 - 1275)
ZnO Zn 59 0.1 89.0 (800 - 1300)
Ca0 Ca 83 L125x 1054 | 643 (1455 - 1760)
26 8.75x 10 | 34.6 (1000 - 1400)
B 27 1.95x 10 34.02 | (1000 - 1400)
sio, 0 55 1.51 x 10”2 71.2 (925 - 1225)
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TABLE 5. Chemical Diffusion Coefficients of a-Nb205 at 900°C (Ref. 9)

~

D
Oxygen Pressure Oxygen in Nb205
@tm.) (em?/sec)
110107 6x107°
10 010710 ~107®

17



No data has been found for the effect of binary oxide additions to Nb205 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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ll. 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-

(10-15)

all of the published kinetic data for nonstoichiometric oxides utilizing thermogravimetric

marily by thermogravimetric and electrical conductivity fechniques(lé-m). To date
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 anion lattice in the form of single or double charged anion 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 o
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 an integrated solution of Fick's second law assuming a constant diffusion
coefficient, Once the geometry of the sample is established, the proper solution of Fick's

law can be applied.

3.1.1 Rationale for Sample Geometry

Toble6 shows a comparison of the three sample geometries considered for this investigation,
the flat disc, the cylinder, and the sphere. Solutions to the oppropriate diffusion equations
presented by Crank(zz) 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 Nb205_x, a AX of 0.01 will
give a weight change of 0.6 mg/gram of NbZOS)'

19



TABLE 6. Comparative Parameters Used to Select Oxide Geometry

Flat Plate Cylinder Sphere
Dimension 2 cm dia 0.5 em dia 1 cm dia
x 0.1 cm thick x 2 cm long
Volume 314 cm3 .393 cm3 0.523 cm3
Surface/Edge | 101 8/1 -
Diffusion Times | D cm2/sec t (sec)* | D cm2/sec t(sec) | D cm2/sec t (sec)
108 | a75x10° | 10®  [sx10° | 1078 10/
10710 | a7sx10®] 10710 [sx10® | 10710 | 10’
1072 37540 | 1072 [sx10"0| 10712 | 10V

* 1 year =3.16 x 107 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 ¢m dia. by 0.1 cm thickness would be the best configuration

based on the restraints imposed.

3.1.2 Solutions to Fick'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

not occur as the result of a chemical potential or concentration gradient. After Wagner(zs)
D} = lim [ L ] (5)
[ c./ox c,
(Bci/r)x)-bo i i
D? = self diffusion coefficient
i S fIUX
x = distance
¢ = concentration

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

~S
D is the proportionality constant in Fick's Law

J = D (de/dx) ©6)

21



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

~ 12
¥ --b 35 0)
after Cmnk(zz) 292 9
M(H) ® 8 -D@2n+1)"*"t/4]
- T ) X @
where t = times (seconds)

| = half thickness of the plate,

For values of Dt /|2 > 0. 15 only the first term (n = 0) of the series is required, therefore

equation (8) simplifies to

~ 2 2
M 1.8 (oD AT, ©)
or
8 D ’fzi'
log (1 -M(®)/Q) =log 55+ 224 10)
2 (6. 2)1

By plotting log (I =M(t)/Q) vs t, the slope of the line can be measured and 5 can be cal-
culated; this analysis is valid for > 0.15.
2=

For I%t < 0.25 the following relationship can be used to evaluate D.
072 _ .
A0 - an

and
k =40 (ac)? (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 Table7 Prior to the establishment of the air-firing procedure, several other sinter-
ing environments were tried. 1) Sintering ot 1420°C in H2 2) Sintering at 1300°C in vacuum
and 3) Sintering in air ot 1350°C. Alumina ceramics were used to support the oxides in each

of these environments during sintering.

A series of pellets sintered in H2 are shown in Figure 4. These pellets were sintered overnight
in an H2 furnace ot 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 TiOz- Nb205 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

Experimental Sintering

Composition Temperature
Oxide Purity Mole % °c Densities*
Nb205 99. 95 100 1420 3.19
Al 203 99. 995 73 1360 3.28
V205 99.9 57.3 Vaporizes co—-
TiO2 A.R. 62,6 1420 3.61
ZrO2 99.9 74.0 1420 -—
Cr203 A.R. 62.5 1210 - 1360 ——
C030 4 99.5 59.5 1207 ---
NiO 99.0 87 1420 4,58
Fe203 99.5 62.5 1210 -~
Hi’O2 98.0 74 1420 5.99

* From weight and volume measurements.
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SINTERED AT 1420°C

Figure 4. Pellets Sintered in H,, Furnace for 16 Hours at 1420°C.
All pellets were initially 7/8" Dia. Before Sintering

25



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 charge 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. Varion 2-3/4

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

Balance Control

Feed Through \H{[ ]
Up Flow Gas Inlet [D;mi / Down Flow Gas Inlet

Mullite Reaction Tube

/ 3 Zone 1200°C Fumace

ICOI. R'ng ’f

Seals

Down Flow
Gos Out

Up Flow '
Gas Inlet \
EMF Probe Seal

Figure 5. Modified Vacuum Microbalance Used for Flowing Gas Studies




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 elcctrical connections for the balance. The samples were suspended from the

balance by 20 mil (0.5 mm) platinum-rhodium 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 @5

High purity oxygen, argon, and chemically pure CO und C02 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 fumace 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/O2 and CO/CO2 gas mixtures were establ ished
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 equilibratian.
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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/CC)2 mixtures. Flow rates were nominally 400 ml/min which gave a
flow velocity through the tube of about 0. 58 cm/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 ZrO2 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
Al203 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 d