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1.0 INTRODUCTION AND SUMMARY

Nb-Co-Al and Nb-Fe-Al base alloys have been studied to determine the effects of compo-
sition, both elemental and constituent (i.e., intermetallic alloy compounds used to make
alloys) on the oxides formed during 1200°C oxidation in air. Alloys were formed by both
pressing and sintering of intermetallic compounds and elemental powders and by arc melting
alloy buttons from intermetallic compounds and elements in powder form, Oxidation kinetics
have been moo:sﬁred, and the oxides formed have been examined by x-ray diffraction tech-
niques. In addition, Y and Y203 additions were made to several alloys to evaluate the

effects of rare earth additions on the oxide structure.

In addition to the oxidation kinetics and oxide structure correlation, metallographic tech-
niques were used to evaluate the depth of penetration of oxygen into the various alloys.
Hardness measurements for the various alloys are presented and oxygen diffusion through
a C030 4
that a rutile-type oxide structure plus AI203 or an aluminate-spinel comprises the protective

-szO5 oxide has been measured, This study has confirmed the Phase 111 findings

oxide on these alloys.

The overall program was initiated under Contract No. N00019-70-C~0148 and continued
under Contracts Nos. N00019-71-C-0089 and N00019-72-C-0132 to investigate the feas-
ibility of modifying oxide structures to enhance oxidation protection of elevaied temperature

(1-3)

structural materials .

The program has approached the problem of improving oxidation resistance by investigating
varlous techniques designed to identify and then possibly modify the structure of the equil-
ibrium oxides which are characteristic of the parent structural material and in this way

attempt to improve oxidation resistance without either changing the structural and mechanical

A A L



properties of the substrate or adding additiona! components to the system. Two of the
techniques which have been investigated thus far are, pre-oxidation treatments and modi-

fication of oxide defect structures by application of high pressures.

The chemica! diffusion coefficient of oxygen through several mixed niobates was measured
during Phases |l and 1ll. In addition, pre-oxidation effects and the oxidation of Nb alloys
were studied. The oxide structures associated with improved oxidation performance of some
niobiur alloys and intermetallic compounds have been identified, and the alloy compositions
required to support these structures are being investigated,

The Phase I(l) study has shown that high pressure high temperature exposure of Nb205 does
produce a denser phase that maintains its charccteristics ofter quenching to room temperature.
However, it has not yet been possible to investigate the stability of the quenched phases

nor the transport properties of the quenched phases. It has also been demonstrated that pre-
exposure of alloy B=1 (Cb=15Ti-10W-10Ta-2Hf-3Al) in 20 torr oxygen at 650°C results

in a decrease in the subsequent oxidation rate in air at 1040°C when compared to untreated
B-1 alloys. This is the second method of pre-treatment shown to be effective in decreasing
the rate of oxidation of the B=1 alloy. The first reported treatment involved an oxidation
exposure at 2400°F in air for 1 hour which improved the oxidation during exposure to 2200°F
oir(z). These experiments showed that changing the oxide structure is possible. The max-

imum potential of these various techniques has yet to be demonstrated.

Preliminary results from Phase [l indicate that mixed oxides of Nb O4-TiO, and Nb205

HfO would not form protective oxide layers based on limiting the fronsport of oxygen

through the scale and protecting the parent meta|( ), The NlO-Nb O binary oxide exhibited
no change in stoichiometry, i.e., no weight loss as a function of oxygen pressure until a
partial pressure equivalent to that of the dissoctation pressure of NiO is reached. At that

point, a reduction reaction apparently begins, and large weight losses begin.
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As a result of efforts during Phase 111", the rutile structure family for oxide compounds of
the type Nb(B)O 4 where B = Cr, Al, or Fe have been identified as the primary oxide

phase in the scales formed on oxidation resistant Nb intermetallic compounds and Nb-Ti-
Cr-Al, Nb-Fe-Al, Nb-Cr-Al=Co, and Nb-Cr-Al-Ni alloys. Along with this oxide, small
amounts of either (8)203 where B =Cr, Al, or Feoro CoAIZO4 spinel in cobalt containing
alloys were detected. Oxygen transport rates through Nb203-Cr203, szOs-TiOZ,
Nb205 ZrOz, and szOs-A|203 were also determined using thermogravimetric techniques.
Of the oxide compounds evaluated, only oxygen transport through Nb205-Cr203 was slow
enough to warrant its classification as a protective scale. In addition to oxidation rate data,

metallographic studies and electron microprobe studies were conducted on the Nb inter-

metallic compounds and alloys.

The present report includes (1) a continuation of the oxygen transport rate measurements in
the binary niobate Nb205-Co304 and (2) the investigation of the oxidation kinetics and
oxide structures formed on 37 different Nb baosed alloys containing Co-Fe-Al-Cr-Ni-Y,

and/or Y203.

scale up for mechanical property studies, based on the oxidation kinetics, the oxide struc-

The experimental results have been used to determine which alloys to

ture formed, and the depth of substrate contamination which resulted during oxidation.
These results indicate thot both the Nb~Al-Fe and Nb-Co-Al alloys are oxidation resistant.
The oxides on certain alloys become more protective as oxidation proceeds. In addition,
the subst.cte contamination of these alloys by oxygen is very low. The protective oxide
appears to be a rutile~type NbAIO4 oxide. The Fe203 hemitite structure reported as
forming on Nb-Fe-Al alloys has been shown to be located primarily at the oxide-gos inter-
face by x-ray diffractometer studies. Additional work is required to determine whether
the rate control is transport through the NbAlC‘4 structure or some other layer between the
oxide and metal, or, in fact, if the mechanical properties of the oxide are enhanced and

the oxide has the ability to relieve internal stresses before the oxide spalls.



2.0 OXYGEN DIFFUSION THROUGH MIXED NIOBATES

The experimental techniques utilized and the sample preparation techniques employed have
been explained previouslym. The only change in the experimental technique was the
method of acquiring the data.  The output of the Cahn microbalance was recorded digitally
on a Doric Digitrend 210, eliminating the need for reading the weight from a strip chart
recorder. This technique also eliminates data loss due to overranging of the strip chart re-

corder and permitted unattended operation of the system.

2.1 EXPERIMENTAL RESULTS

Table 1 presents a summary of the experimental results for all of the oxygen diffusion exper-
iments. Listed in Table 1 are the chemical diffusion coefficients, BL' determined by measur-
ing the slope of the I'ne formed by plotting the quantity log (1 = M(t)/Q) vs time for Bf/lz

> 0.15 and the chemical dlffuston coe‘ficients D determmed by measuring the slope of the
line formed by plotting (M(t)/A) vs time for Df/l < 0.25. Also listed in Table 1 are the
cumulative deviations from stoichiometry, the initial and final oxygen pressures between
which each equilibration wos made, and the time limitations for each model particular to

each equilibration,

Tobular data is listed in Appendix B along with the computer plotted graphs for the various
equilibrium conditions. The oxygen transport rates measured in the C030 4 Nb205 oxide

were lower than those measured in all but the Cr203 NbZOS system at 1175 and 850°C.

However, at 1000°C the oxygen transport rate was found to be higher than any of the oxides
previously measured. It is obvious that the dependence of the rate of diffusion of oxygen in

all of these mixed niobates does not follow a simple temperature dependence which would be
expected from o homogeneous single phase material. This lack of temperoture dependence
suggests strongly that the rate of diffusion of oxygen is being measured through several dif-

ferent phases at various combinations of oxygen partial pressure, degree of nonstoichiometry
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and temperature. In fact, some of the plots of log (I-M(t)/Q) vs time give 2 and 3 distinct
slopes indicating that the transport rate of oxygen is controlled by several different phases or

substructures.

If one attempts to visualize the oxide formed on a niobium alloy, one finds an extremely low
oxygen partial pressure at the oxide-metal interface and o large oxygen partial pressure at
the oxide-gas interface. It is very possible thot there are several different layers of oxide
structures, sub-structures, and/or phases established by the oxygen portial pressure gradient
and oxidation temperature. With an unknown number of oxide phases or substructures possible,
which could depend upon oxygen partial pressure and temperature, it is very difficult to

attempt to define o rate controlling phase or oxide structure.

More information is required on the equilibrium oxides and their structure-composition reiation-
ships for these complex systems before an understanding of their behavior can be developed.

The behavior of the mixed niobate system observed during this transport study indicates fhe:
need for basic fundamental data about the equilibrium phase relationships in the alloy and
oxides, the effects of oxygen partial pressure on these systems, ond the relationship between

the alloy composition and oxide composition.
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3.0 OXIDATION BEHAVIOR OF EXPERIMENTAL NIOBIUM ALLOY

Thirty-seven Nb alloys from the systems Nb=Co~Al, Nb-Fe-Al, Nb-Cr, and Nb-Cr~-Al were
made by powder and arc melting techniques. Alloys were made from both elemental powders

ond pre-alloyed intermetallic powders. The alloys were oxidized in air at 1200°C for 7 to

24 hours during which time the oxidation kinetics were determined, X-ray diffraction tech-
niques were then utilized to analyze the oxide structures formed on the alloys. The ultimate
objectives of this study were; 1) the identification of oxide structures which provide a protective
scale on niobium based alloys; 2) the correlation of these oxides with the c!l~v constitution

and composition, and then 3) to design an alloy for further mechanical property evaluation.

3.1 ALLOY PREPARATION AND EXPERIMENTAL PROCEDURES

Alloys were fabricated from elemental powders and intermetallic compounds by pressing and
sintering and arc melting. The compositions of the alloys investigated during this program
are given in Table 2 as weight percent of the metal or intermetallic powder from which they

were manufactured and in Table 3 as the weight percent of the elements in the alloy.

To manufacture the pressed and sintered alloys, the respective powders were blended with
120 drops of trichloroethane and 0. 4 wt. % stearic acid for 1. 5 hours in a polyethene
container rotating at 4. 5 rpm. The blended powders were pressed into 2, 5 gram pellets in a
1/2 inch diometer opposed anvil die ot 20, 000 psig. After pressing, the pellets were stacked
inon A|203 crucible on A|203 discs and sintered at about 2800°F for 6 hours in a 10.6 torr

vacuum. Melting occurred on some of the discs. These alloys are designated with the B suffix.

The alloys were also prepared by arc melting 5 g buttons from the powder materials using a
tungsten inert gas electrode on a copper chill in a controlled atmosphere weld box. The
buttons were cut into two pieces, their surface area carefully measured, and then the samples

(2,3)

were oxidized in a Stanton Thermal Balance System previously described™™' ™. Arc melted

alloys are designated by the B & C suffix. After the samples were oxidized, the oxides



Table 2. Alloy Compositions Evaluated (Wt. % Components Mixed)

Alloy

No. Nb  [NbCra | NbAl, |NboAl [NbFey | Al Cr Co |NbCoy | Fe |NbNi|Y
) 65 35 o - - o = S = S o - -
2 70 - - 30 - - - - - - o - -
k] 35 35 - 30 - - - S = - o - 2
4 70 - 30 - - - - o 2 - - - -
S 66 25 - - - - 9 - - - - - -
) 7 - - 20 - 4 - - - - - - -
7 62 15 10 - - 4 9 - - - - - o
8 50 50 - - - o - - - - o - -
9 25 75 - - - - - - - - - - -
10 | 65 25 - - - - 10 - - - - - -
1 50 - 23 - 25 o o = o - o - -
12 50 40 - - - - 10 o S = o S =
13 65 - 25 - - - - 10 o - o o o
14 60 - - - 30 10 - - - - o - -
15 60 - - - - 10 - - - 30 - - -
16 60 - 25 - - - - - - 15 o o =
17 70 - - - - 15 - 15 - - o - -
8 60 - 20 - - - - - 20 - - - -
19 70 - - - - 10 - - 20 - - - -
20 70 - 15 - - - - - 15 - - - -
2 70 - - 15 - - - - 15 - - - -
2 60 10 15 - - - - - 15 - o - -
2 60 - 15 - - - - - 15 - 10 - -
rZ} 60 - 30 - - - - - 0 - S o -
25 40 - 10 - - - - - 30 - - - -
26 6.7 - 24.5 - - - - 9.8 = = - 1.9
7 6.7 - %.5 o - - - 9.8 S - S =
28 5.8 - o = 29.4 9.8 - = = - - 1.9
29 58.8 - - - 29.4 9.8 - - = - - -
30 54.9 - - - - 9.8 |18, 14,7 - - - 1.96
3l 54,9 - - - - 9.8 | 186 | 14,7 - - - -
32 68.6 - - - - 14,7 - 14,7 - - - 1,96
kx| 68.6 - - - - 14,7 - 14,7 - - - -
M 58.8 9.8 | 147 - - - - - 14.7 - - 1.9
35 58.0 9.8 | 147 - - - - - 14.7 S o o
3% 58.8 = 29.4 - - - - 9.8 - - 1.96
7 5.8 - 29.4 - - - 9.8 S S
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Table 3. Alloy Compositions Evaluated (Wt. % Elements)
Alloy
No. Nb Al Co Cr Fe Ni Y Y203
1 81.5 - - 18.5 - - - -
2 96.2 3.8 - - - - -
3 77.7 3.8 - 18.5 - - = -
4 86.1 13.9 - - - - - -
5 7.8 - - 22,2 - - = -
6 93.4 6.6 - - - - = -
7 74.5 4.4 - 16.9 - - -
8 73.6 - 26,4 - - - -
9 60.4 - - 39.6 - - - -
10 76.8 - - 23.2 - = - -
1 74.7 11,6 - - 13.7 - - -
12 68.9 - - 31 - - = -
13 78.4 11,6 10 - - = = -
14 73.6 10.0 - - 16.4 - - -
15 60 10 - - 30 - - -
16 73.4 1.6 - - 15 - - -
17 70 15 15 - - - - -
18 79.5 9.3 1.2 - - - - -
19 78.8 10 11,2 - - - - -
20 84.6 7 8.4 - - = - -
21 89.7 1.9 8.4 - - - = -
22 79.3 7 8.4 5.3 - - - 2
23 80.7 7 8.4 - - 9 - -
24 80.5 13.9 5.6 - - - - -
25 78.6 4.4 16.8 - - - - -
26 76,94 1.3 9.8 - - - 1,96 -
27 76,94 11.3 9.8 - - - - 1.96
28 72,13 9.8 - - 16, 11 - 1.96 -
29 72,13 9.8 - - 16, 11 - - 1.96
30 66 10 15 19 - - 1. 96 -
3 66 10 15 19 - - - 1.96
32 68.6 14.7 14,7 - - - 1. 96 -
33 68.6 14,7 14.7 5.18 - - - 1,96
34 77.82 6.81 8.23 5.18 - - 1,96 -
35 77.82 6.81 8,23 5.18 - - - 1,96
36 78.93 13.62 5. 49 - - - 1.96 -
37 78.93 13.62 5.49 - - - - 1.96




formed were analyzed by several x-ray diffraction techniques. Some of the oxides were
sampled for powder diffraction analysis by scraping the oxide from the alloys or collecting
spalled chips. For some analyses, oxide flakes were attached to the end of 0.1 mm glass
fibers with Canadian Balsam. For others, the oxides were pulverized into a fine powder

in an agate morter and attached to a 0.1 mm glass fiber using petroleum jelly. In all cases

a 114, 6 millimeter Debye=-Scherrer camera was utilized for the powder analyses. The samples
were exposed to either nickel filtered copper or jron filtered—cobalt radiation. The resultant
films were compared to the 1971 ASTM diffusion index file for identification. To observe

the oxides which formed on the metal substrate, nine of the alloy samples were ground before
oxidation to provide a flat surface which, after oxidation, was subject to x-ray diffractometry
analysis with the diffractometer trace being recorded on strip charts. This was an attempt to
determine if any correlation between the alloy and oxide orientation could be detected and,
also, to enable an x-ray analysis of the oxide as u function of distance from the substrate by
grinding away the surface of the oxide and then taking an additional diffraction pattern of the
oxide ot different distances from the oxide metal interface. In addition, qualitative x-ray
fluorescence analyses of some of the oxides were made using energy dispersive x-ray analysis
(EDAX),

3.2 OXIDATION KINETIC MEASUREMENT RESULTS

Both the pressed and sintered alloys and the arc melted alloys were oxidized in air at 1200°C.
The pressed and sintered alloys were oxidized primarily to obtain samples of the oxide scale

for x-ray analysis. Because of the difficulty in obtaining a uniform degree of densification

for the pressed and sintered alloys, it was not possible to obtain representative kinetic data
because of the additional surface area which resulted from the porosity. However, alloys 10-A,
11-A, and 13-A exhibited a change in shape after sintering at 2800 i30°F indicating that

the sintering temperature approached or slightly exceeded the melting point of these alloys.

10
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Alloys 17-A, 18-A,and 19-A also exhibit extended sintering at a temperature of 2750 t 30°F.

Because these alloys were densified and relatively nonporous, the oxidation kinetics for these
alloys are shown in Figure 1.  Also on the figure, the parabolic rate constant calculated
from measuring the slope of the weight loss (mg/cm2) vs the square root of time/t are given.
These are presented only for comparative purposes because of the uncertainties in surface area
measurement due to undefined porosity. It was beyond the scope of this program to optimize

sintering schedules for each alloy.

Figure 2 is a 75X photomicrograph of an alloy prepared by pressing and sintering which did
not fully densify on sintering and shows the oxidation occurring at the pore surfaces. Some of
these same alloys were also prepared by arc melting to determine if the oxide structure was
dependent upon the constituents of the alloy. On the pressed and sintered alloys, the inter-
metallic compounds would be present as discrete particles, In the arc melted alloys, homog-

eneous mixing would occur.

The oxidation kinetics for the arc melted alloys are cotegorized into major alloy constituents
for ease of explanation. The parabolic oxidation constants (kp) are presented in Table 4

for the arc melted alloys. The parabolic oxidation constant was determined by calculating
the slope of the weight gain/cm2 (mg/cmz) vs the square root of time t'/z using a computer
program written to pemmit the selection of certain time intervals over which the parabolic
rate constant could be measured. In Table 4 the parabolic rate constant is reported with the
associated time interval over which it was measured. In Appendix A, the computer printout

of the oxidation data is presented along with the plots of weight gain vs time for all of the

alloys.

N
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25066 75X

Figure 2. Alloy 15-A (60Nb-10Al-30Fe) Showing Oxidation at
Pore Surfaces for a Typical Pressed and Sintered Alloy
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Toble 4. Porabolic Rate Constants for the Arc Melted Niobium Al'oys 1t 1200°C

Parabolic Parabolic Parabolic
Rote Oxidation Rate Oxidation Rote Oxlidation
Alloy Cons’:,t Time Com'cf\’ Time Comtc? Time
No. [(mg/cm®)"/min (min) (mg/cm2) /min| (min) (mg/em?)*/min| (min)
Nb-Fe-Al A"ﬁt_‘
natl 432 0-210 5.75 240 - 380 - S
14-B 0.24 60 ~ 420 - - - -
15-8 0.33 0-60 0.18 90 - 450 - -
15-C 0. 042 120 - 1400 - - - -
16-8 0.2¢9 30 - 150 0.24 180 - 420 - -
16-C 0.17 1140 - 1530 - - - -
28-8 0.68 90 - 390 - - - -
29-8 0.88 50 - 420 - - - -
Nb-Co-Al Al '°ﬂ
13=-A 1,27 0 - 420 - - -
17-8 0.13 150 - 450 - - - -
17=-C o.n 120 - 1100 0.15 1140 - 1410 - -
18-8 0.57 0 - 420 - - - -
18-C 0.76 0 - 600 .17 630 - 990 1,69 1020 - 1200
19-8 0.54 0 -420 - - - -
19-C 0.47 0-99 0.59 1020 - 1260 0. 59 1020 - 1260
20 -A 0.72 0-240 1.1 240 - 390 - -
21 -A 0.307* 0-210 - - - -
22-8 0.30 0 -~ 360 - - - -
23 -A 0.59 240 - 420 - - - -
24 -8 0.48 120 - 420 - - - -
24-C 0,26 390 - 1410 - - - -
25 -A 0. 084+ 0 - 420 - - - -
26 -8 1,62 20 - 420 - - - -
27 -B 1.15 90 - 390 - - - -
32 - 0,56 10 - 390 - - - -
3 -8 0.67 120 - 450 - - - -
34 -8 1.06 150 - 420 - - - -
35 -8 1,26 90 -~ 420 - - - -
36 -8 2.45 210 - 420 - - - -
37 -8 1,28 60 - 420 - - - -
Nb-Cr-Al AIlo&
3-8 0,33+ 0 -360 - - - -
7-B 7.17 120 - 390 - - -
Nb-Cr Alloz
12-8 | 025 0 - 420 0.24 60 - 420 - -
|
Nb=-Cr=-Al-Co Allo
31-8 I . 0921 90 -~ 420 - - - -

* Denotes linec: weight gain constont (no protective scale is formed),

+

A denotes pressed and sintered alloy

B denotes arc melted alloy oxidized for 7 hours

C denotes arc melted altoy oxidized for 24 hours

14
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3.2,1 Nb-Co-Al Alloys

Of the Nb=Co-Al alloys oxidized in air at 1200°C, alloys 17, 22, and 24 exhibited the
best oxidation behavior as determined from the parabolic rate constant reported in Table 4.
Table 5 gives the approximate values for the rate of metal consumption in 100 hours for
several parabolic oxidation constants based on the assumption of a metal density of 8 gms/cc
and rate of weight of metal consumed/weight gain of oxygen of 2. For these alloys, the metal
consumption rate is between 2, 5 to 6 mils/100 hozurs at 1200°C. This compares with the
NbAl3 intermetallic with a kp =0,018 (mg/cmz) /min and a metal consumption rate =1 mil/
100 hours. NbA|3 is the most oxidation resistant Nb alloy or compound evaluated thus far
in this program. For alloy 24, the parabolic rate constant decreases as the oxidation time
increases. It decreased from 0, 48 (mg/cmz)z/min for the 420 minutes of oxidation (7 hours)
to 0,26 (mg/cmz)z/mln for the 1410 minute (~24 hour) exposure. This indicates that as the
oxide forms, it becomes more protective. This phenomenon was also shown for several Nb-

Fe-Al alloys, which will be discussed in the next section,

Y203 +Y was added to several alloys to determine what effect these components would have
on the oxidation behavior of the alloys. From Tables 2 and 3 it can be seen that alloys 26, 32, 34,
and 36 are the Nb=Co-Al alloys 13, 17, 22, and 24 to which yttrium (Y) has been added

while alloys 27, 33, 35, and 37 are Nb=-Co-Al alloys 13, 17, 22, and 24 to which yttria

(Y203) has been added. In all cases, the oxidation behavior was made worse by the addition

of these components,

3.2.2 Metallography of the Oxide=-Metal Interfaces (Nb=Co-Al Alioys)

In the refractory metals, the contamination of the metallic substrate by oxidants is a problem
and must be analyzed as part of the overall oxidation behavior. Figures 3 thru 22 show the
oxide metal interface of the Nb-Co-Al alloys in both the etched and unetched condition at
75 and 500X. Etching was done by using a 1:1:1 mixture of HNOS:HF:HZO.

15



Table 5. Correlation Between Metal Consumption in 100 Hours
and the Parabolic Oxidation Constant

2,2 Wt._of Metal Consumed
kp(mg/cm Y /min | mils/100 hr. Oxide Wr.of Oxygen Gained
0.01 0.75 Nbl’eO4 2,32
0.05 1.8 Nb205 2,32
0.1 2.5 NbCrO 4 2,26
0.5 é NbAIO 4 1.87
1.0 8
10.0 28
25.0 43
Assumptions:

Wt. of Metal Consumed

Wt. of Oxygen Gained

Metal Density = 8g/cc

(Wt. ga lﬂ)2

=k t
P

=20

16
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(ETCHED)
(ETCHED)
ALLOY 17-B ALLOY 17-C
7 HOURS 24 HOURS
1200°C 1200°C
AIR AR

Figure 5, Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C
on the Microstructure and Oxide=-Metal Interface of Alloy 17
(Nb-15A1-15Co) at 75X.
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Figure 6, Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on

the Microstructure and Oxide-Metal Interface of Alloy 17
(Nb-15A1-15Co) at 500X.
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(ETCHED) (ETCHED)
ALLOY 17 + Y ALLOY 17 +Y,0,
(ALLOY 32) (ALLOY 33)
7 HOURS 7 HOURS
1200°C 1200°C
AIR AIR

Figure 7. Effects of Y and Y203 on the Microstructure and the
Oxide Metal Interface of Alloy 17 at 75X.
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(ETCHED) (ETCHED)
ALLOY 17 + Y ALLOY 17 + Y,04
(ALLOY 32) (ALLOY 33)
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1200°C 1200°C
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Figure 8. Effects of Y and Y,O4 on the Microstructure and the
Oxide Metal Inter%ace of Alloy 17 at 500X.
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25155
75X
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ALLOY 18-C
24 HOURS
1200°C
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Figure 9. Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and Oxide-Metal Interface of Alloy 18 (Nb-20N>Al4-
20NbCoy) at 75X,
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Figure 10. Effects of 7 Hour and 24 Hour Oxidation in Air ot 1200°C on the
Microstructure and Oxide-Metal Interface of Alloy 18 (Nb-20NbAI 3"
20NbC02) at 500X.
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Figure 11, Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and Oxide-Metal Interface of Alloy 19 (Nb-10Al-
20NbCop) at 75X.
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Figure 12, Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the

Microstructure and Oxide~-Metal Interface of Alloy 19 (Nb-10Al~
20NbCoy) at 500X.
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(ETCHED)

ALLOY 20

7 HOURS
1200°C
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Figure 13, The Effect of a 7 Hour Oxidation Exposure in Air
on Alloy 20 (Nb-15NbAl3-15NbCoj) at 75 and 500X.
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ALLOY 21

7 HOURS
1200°C
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Figure 14.  The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 21 (Nb-15NbAl,=15NbCo,y) at 75 and 500X.
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(ETCHED)

(ETCHED)

ALLOY 23
7 HOURS
1200°C
AIR

Figure 17, The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 23 (Nh~=15NbAl3-15NbCoy-10NbNi) at 75X
and 500X,
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7 HOURS 24 HOURS
1200°C 1200°C
AR AIR

ALLOY 24

Figure 18. Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and O«ide~Metal Interface of Alloy 24 (Nb-
30NbAI3-|0NbC02) at 75X,
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\ ' 500X
(ETCHED)
(ETCHED)
7 HOURS 24 HOURS
1200°C 1200°C
AR AIR

ALLOY 24

Figure 19. Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and Oxide-Metal Interface of Alloy 24 (Nb-
30NbAI3-10NbCop) at 500X.
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Figure 20. Effects of Y and Y,O, on the Microstructure and Oxide Metal
Interface of Alloy 54 ‘(Nb-30NbAI3-|0NbC02) at 75X,
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(ALLOY 26) (ALLOY 37)
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Figure 21. Effects of Y and Y201 on the Microstructure and O<ide Metal
Interface of Alloy 24 (N‘>-30NDAI3-10NbC02) at 500X.
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Figure 22. The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 25 (Nb-10NbAI3-30NbCo,) at 75X and 500X.
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Figure 3 shows the effects on the microstructure of adding Y and Y203 to alloy 13 (Nb-
25NbAI3-10Co (Nb=11, 6A1-10Co)). Without the electron beam microprobe analysis it is
difficult to see a real difference on the oxide-metal interface, with the exception that the
metal oxide thickness is small for alloy 13 as would be expected from the measured oxidation
rates, Figure 4 shows the metal offected zone ot S00X. The affected metal zone is about
30u, while the oxide scale for alloy 13 is 140 to 150u thick. Alloy 17 oxidized for~7 and
~24 hours is shown in Figures 5 and 6 . While the oxide is thicker as a result of the longer

oxidation, a 3 fold increase in oxidation time, the affected metal zone increases only about

5to 104,

Figures 7 and 8 are the photomicrographs of alloy 17 with Y and Y203 added. Both

of these additions increased the metal affected zone by ~10-15u. Figures 9 and 10 show

the effects of oxidation on alloy 18. The metal affected zone of the alloy oxidized for

~24 hours (18-C) is actually thinner than that of the alloy oxidized for ~7 hours. Note the
coarsening of the microstructure as the time at 1200°C is increased. The metal oxide interface
of alloy 19 is shown in Figures 11 and 12 for oxidation times of ~7 and ~24 hours. For

this alloy, the metal affected zone increased from ~20-23u for the 7 hour oxidation to
~40-45u for the 24 hour 1200°C exposure. The microstructures of alloy 20 and 21 are shown in
Figures 13 and 14 . Both structures appear to be definite coarse 2 phase structures and did

not show good oxidation properties.

Figures 15and 16 show the results of Y and Y203 additions to alloy 22, The yttrium addition
increased the depth of the metal affected zone from ~25u to 40u. Figure 17 characterize:

the oxide metal interface of alloy 23,

Figures 18 through 21 characterize the oxide metal interface of alloy 24, oxidized for

both ~7 and ~24 hours and for alloys 36 and 37 which is alloy 24 with Y and Y504
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respectively. The microstructure of alloy 25 is shown in Figure 22.  For most

of the alloys the depth of the metal affected zone is between 20 and 40 microns (5 to 10
mils).

3.2,3 Oxidation Behavior of Nb-Fe-Al Alloys

Alloys 14, 15, and 16 exhibited the best oxidation behavior for the Nb-Fe-Al alloys in-
vestigated, The parabolic rate constants are shown in Table 4.  Both alloys 15 and 16
exhibited o decreasing parabolic rate constant as oxidation times increased. For these
alloys, the parabolic oxidation constants were found to range from 0, 042 to 0, 33 (mg/cmz)z/
min. , corresponding to a metal consumrption rate of from ~1. 8 mils/100 hours to about

4, 5 mils/100 hours, excluding the metal affected zone in the substrate. As reported for the
Nb-Co-Al alloys, the addition of Y or Y203 to Nb-Fe-Al alloys caused an increase in the

oxidation rate in air.

3.2.4 Metallography of the Oxide-Metal Interfaces (Nb~Fe-Al Alloys)

Figures 23 through 30 characterize the oxide metal interface and the metal affected zone
for the Nb-Fe-Al alloys. For alloys 14 (Figures 29 and 30) and 16 (Figures 24, 25, and
26) the metal affected zone is less than 20u. However, for alloys 11 (Figure 23) and

15 (Figures 27 and 28) the metal affected zone is ~70u (~17 mils). As the oxidation time
is increased from ~7 hours to ~24 hours at 1200°C, the metal affected zone for alloy 16

does not increase with time, while for alloy 15, the depth of the metal affected zone does

increase with increased oxidation time.

3.2.5 Nb=Cr; Nb=Cr-Al Alloys

The Nb-Cr alloy 12 exhibited the lowest oxidation rate for this group of alloys. Alloy 3
exhibited linear oxidation behavior and alloy 7 oxidized at a rate equivalent to ~20-23

mils/100 hours. Alloy 31 was the Nb-Cr-Al-Co alloy designated DU-1 and reported in the
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ALLOY 11
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Figure 23, The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 11 (Nb-25NbAl3-25NbFe, at 75X and 500X.
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Figure 24, The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 14 (Nb-1 0AI-30NbFe,) ot 75X and 500X.
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Figure 25, Effects of Y in the Microstructure and Oxide Metal Interface
of Alloy 14 (Nb-1 0A|-30NbFe2) at 75X and 500X.
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Figure 26, Effect of Y,O, in the Microstructure and Oxide Metal
Interface o Aﬁoy 14 (Nb-10Al-30NbFe,) at 75 and 500X.
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Figure 27, Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and Oxide=-Metal Interface of Alloy 15 (Nb-10Al-

30Fe) at 75X.

43



. e 3 il
e, ra Tt ”‘lﬁ -.,
i s

w

\"no 7‘

,‘“ 41,1 ‘0
e

')

3 S | .'A.“ { )
25186 wl
P
500X R
< A 2 'l
? x { ) 5187
VI'Z;) o e o 0 e ‘,",:‘r'« 500X
(ETCHED) (ETCHED)
7 HOURS 24 HOURS
1200°C 1200°C
AR AIR

ALLOY 15

Figure 28. Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the

Microstructure and Oxide-Metal Interface of Alloy 15 (N>-10Al-
30Fe) at 500X.
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ALLOY 16

Figure 29. Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and Oxide-Metal Interface of Alloy 16 (Nb-
25NbAl 3-15Fe) at 75X
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Figure 30. Effects of 7 Hour and 24 Hour Oxidation in Air at 1200°C on the
Microstructure and Oxide-Metal Interface of Alloy 16 (Nb-
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Phase 11l final report. Alloy 31 resulted when Y203 was added to the DU-1 alloy com-
position. An attempt was made to add Y, but the alloy cracked on cooling when it was
arc-melted. The parabolic oxidation constant of 0. 092 (mg/cmz)z/min with Y203 compares
with a parabolic oxidation constant of ~0. 040 reported for the alloy without Y203.

3.2,6 Metallography of the Nb=Cr, Nb-Cr-Al, and Nb-Cr-Co-Al Alloys

Figure 31 to 34 present the microstructures of the oxide metal interface for the Nb=Cr base
alloys. Both alloy 3 and 7 exhibited segregated structures similar to those exhibited by

alloy 20 for the Nb-Co-Al system. Inherent with this structure seems to be relatively

poor oxidation behavior. Figure 33 shows the microstructure of alloy 12. Although this

alloy exhibited o low okidation rate, the metal affected zone is over 160u (40 mils) deep.

This kind of metal affected zone has been shown to be characteristic of Nb=Cr alloy systems.
Figure 34 shows the microstructure of the DU-1 + Y203 alloy which also exhibits a large

r-etal offected zone. Both NbCr2 and DU-1 reported during Phase Il of this program exhibited

similar behavior.
Microhardness determinations were made on the alloys evaluated and are given in Table 6.

3.3 X-RAY DIFFRACTION ANALYSIS OF THE OXIDE FILMS

The results of the x-ray analysis are presented in detail in Appendix C where the d-spacings

in angstroms, an estimate of the relative intensity in the case where the results were taken

from a Debye=Scherrer film and calculated relative intensities measured from the x-ray dif-
fractometer strip chart trace, are listed. Also indicated for each film studied are the lines
which correspond to particular compounds as reported by the ASTM index. Where no indication

is given, the constituent or phase responsible for that particular line or lines could not be

readily determined.
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Figure 31, The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 3 (Nb-35NbCry-30NbyAl) at 75X and 500X.
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Figure 32. The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 7 (Nb-ISNbCrz-l 0N|>A|3-4A|-9Cr) at 75X and
S00X.
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Figure 33. The Effect of a 7 Hour Oxidation Exposure in Air on
Alloy 12 (Nb-40NbCr2-'|0Cr) at 75X and 500X.
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Table 6,  Average Vickers Hardness Numbers for the Nb Alloys After Oxidation

Alloy Alloy

No. VHN No. VHN

Nb-Fe-Al Alloys Nb=Cr-Al Alloys

11-8 814 3-8 514

14-B 850 7-8 798

15-B 847

15-C g8l Nb=Cr Alloy

16-8 e 12-8 763

16-C 844

- o Nb=Cr-Al-Co Alloy
31-B 865

Nb-Co-Al Alloys

13-B 842

17-8 747

17-C 846

18-8 821

18-C 860

19-8 717

19-C 792

20-A 667

21-A 3%

22-8 806

23-A 662

24-C 779

24-C 789

25-A 579

26-8 809

27-8 852

32-8 892

33-8 860

34-B 756

35-8 768

36-B 747

378 782
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The ASTM index contained no CoNbO4 or CoNb2O4 cards., These compounds were arc

melted from Nb20 and Co3O4 or C0203, and the diffraction pattern was determined and

is presented in Appendix C. The oxide structures determined from the x-ray analysis are
categorized below according to the alloy designation. Table 7 gives a brief summary of the
compounds formed oi: the oxides for the alloys. Table 8 gives some observations conceming the

visual appearances of these oxides during sampling.

3.3.1 Nb=Cr Alloy

The Nb=Cr alloys 1-5-10-12 had similar oxide structures. Basically, these were a good
match to card 20-311, CrNbO4, a tetragonal oxide with a, = 4,635 X and c, = 3. 005 Ao.
Alloy 5 also showed some a-A|203, the source of which is not clear unless some A|203
from the sintering or oxidation supports contaminated the scale. These are Nb-Cr alloys

with no Al addition.

The oxide formed on alloy 12 exhibited only the CrNbO,, structure. However, alloy 1-A ond
1-B and 12-A showed additional lines which closely matched a monoclinic Nb02 (19-859).
Alloy 5 showed on especially complex oxide with possible lines for CrNbO4 (20211), NbO2
(19-859), Cr203 (6-0504 , and NbCr2 (5-0701). The elemental chromium content of

alloys 1, 5, and 12 go from 18.5 to 22,2, to 31.1 weight percent Cr. At 31.1 wt. % Cr,
the alloy tends to form the pure NbCrO4 rutile structure. The difference between the alloy
with the suffix A and suffix B are that the A alloys have been pressed and sintered while

the B alloys have been arc melted. For alloy 12-A, the NbO2 (19-859) phase is present
along with the rutile NbCrO4 while for the arc melted 12-B alloy only the rutile phase is
present. For 12-A both Nb and NbCr2

melting, a homogeneous Nb=Cr alloy was developed, and this difference was reflected in

were present in the matrix. For 12-B after arc
the respective oxide structures. Figure 35is a photograph of the results of the dispersion

x-ray analysis of the oxide removed from sample 12 showing Nb-Cr cnd a small amount of

Fe in the oxide. The source of the iron is unknown,
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Table 7. A Summoary of the Oxides Formed on the Specific Alloys
Powder or
Diffraction Compounds in Oxide Strongest Unindexed Lines
Nb-Fe~Al
n-a’ P | NbAIO(14~494); AlpO3-9Nb O, (16-545) | 1,625
-3 P NbAIO ,(14-494) 2.92; 2,87
14-B P NbAIO,(14-494); a-Fe;0, -
14-8 D FeNbQ,(16-374); a - F0203 -
14-C ' D Alzoa-szos(lé-“S) 2.56;1,87; 1,74
15-8 P NbAlO‘(l4-494); FoNbO4(|6-358) 3.32; 2.95; 2.54; 2.49; 1,425
15-C P " 0 " " 2,87; 2,.65; 1,665
15-8 D " " o " -
16-A P = 2.53; 2,33-4; 2,23; 2,19
16-B P NbAIO 4(l 4-494) 2,96; 2,86
16-C P Ll D 2,88; 1,67
28-8 D a~F0203 -
29-8 D |a-Fe,0, -
Nb-Co-Al
13-A P AINBO 4(14-494); A|203-9Nb205(16-545) 2,88; 1,44
13- P N i " “ L 3.30; 2.9
17-A P A1203-9Nb205(16-545) .;!. :g, 2,95;2.48;1,725; 1, 53;
17-8 P NbAIO 4(l 4-494) 3.52; 2.9
17-C P » » 3.59; 3.51
18-A P - 2.39;2,32;2,28;2.23;2,17;
1,357
19-A P NbAIO N (14-494) 3.40;2,93;2,04; 1,675
19-B P - 3.70;3.51;2,92
19-C P - 3.70;3.51;3.39;2,67;1. 568
20-A P AI203-9Nb205(|6-545) 2,95; 2,68; 2.40
2]1-A P " S " 2.95;2,65-2,70; 2,40
22-A P Al203-9Nb205(|6-545); NbOz(l 9-859) 2,95;2,68;2, 40
22-3 4 = 3.67;3.55;3.29;2.79; 2. 69;
2,53
23-A 4 Al203-9Nb205(|6-545) 2,95
24-A P Alzoa-mb205(16-545) 2.34;2,22-3; 2,185
24-3 P NBAIO ,(14-494) 3.65;3.53;3. 41
24-C P " " -
* After grinding

+

A denotes pressed and sintered alloy

B denotes arc melted alloy oxidized for 7 hours

C denotes arc meited alloy oxidized for 24 hours
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Table 7 (Continued)
Powder or
Diffraction Compounds in Oxide Strongest Unindexed Lines

25-A P Ale3 9Nb205 (16-545) 2.95;1.725;1,705;1. 45

26-B P AINbO (14-494)

26-B D 2.95;2.87;2.79;2,59; 2, 56;
2.45;1.87;1.45

27-8 P 3.70;3.51;3.39;3.07; 2, 91;
1.57

31-8 D 3.28;2.53;1.71

32-8 D 2,95;1.87;3.57

33-8 D 2,95;1.87;3.64;1.71;1, 53;
1.45

36-8 NbAIO4(I4-494), AI203 -9Nb 05(16-545) 2,97;1.73

37-8 " " " " " 2,95;2,.49;1,45

Nb-Cr-Nb-Cr-Al

1-Aand 1-B P CrNbO 4(20-31 1); Nb02(19-859) -

5-A CrNbO (20-31 1); Nb02(19-859); NbCr2(5-0701) -

5-B (6-0504), NbCr,(5-0701); NbO,,(19-859) 2,78; 2,085

e c?Nbo ; 2
12-A NbCrO4(20-31 1); NbOz(l 9-859) 3.67
12-8 NbCrO4(20-3l 1) -
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Sample No.

13-8

14-B

15-8

15-C

16-B
16-C

17-8

17-C
19-8
19-C

22-8
24-8

24-C

Table 8. Comments on Oxide Characteristics While Sampling

for X-ray Powder Analysis

The coating chipped off easily in large pieces.

Silvery thick coating; large piece broke off easily; Debye Scherrer
film with Co/Fe radiation; strip chart traces on flat surface with
Co/Fe radiation before and after grinding surface.

Gray thick coating; large pieces broke off easily; Debye Scherrer
film and strip chart trace of flat surface with Co/Fe radiation.

Silver-gray thick coating; Debyb Scherrer film with Co/Fe
radiation.

Gray thick coating; Debyb Scherrer film with Co/Fe radiation.

Gray thick coating; chipped off easily; Debye Scherrer film with
Co/ge radiation,

Purplish-gray coating; difficult to remove; Debyb Scherrer film
with Co/Fe radiation.

A large piece of the bluish colored surface came off easily.
Dull gray with trace of purple coating; difficult to remove; Debyb

Dark gray with purple trace; large crack made removal fairly
easy; Debyb Scherrer film with Co/Fe radiation.

The dark gray surface coating was very difficult to chip off.

The dark purplish-gray surface contained a crack which made
removal easy. Without the pre-existing crack, removal would
have been difficult.

The dark gray surface coating was difficult to chip off.
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Figure 35, Energy Dispersion X-ray Analysis (EDAX) of the
Oxide Formed on Alloy 12-B(Nb-40NbC r2—10Cr ).
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3.3.2 Nb-Fe-Al Alloy

Alloys 11, 14, 15, 16, 28, and 29 are Nb-Fe-Al alloys. Alloy 11 shows a good correlation
to card 14-494 an AINbO 4 rutile structure and the compounds A|203-9Nb20 5 and possibly
A|203-25Nb205, card file numbers 16-545 and 16-546, respectively. It is quite similar to
the oxide grown on DU-4, the Nb~Fe-Al alloy examined during Phase (Il. Alloy 16, how-
ever, is very difficult to match to any card in the index, This is quite interesting in light
of the fact that the iron in alloy 16 is elemental at 15 wt. % and was made by powder tech-
niques, while the iron in alloy 11, at 13,7 wt. %, was alloyed as the NbFe2 intermetallic,
and the DU-4 alloy was arc-melted. This indicates that the iron addition as an intermetallic

does influence the structure of the oxide formed.

The oxide from alloy 14 is described by the d-spacings listed in column 1 of Table C-6. This
column represents powder pattern data taken from the entire oxide cross section. This oxide

is predominantly NbAIO 4 (14-494) with some a-Fe, O, present. The second column in

Table C-6 shows the results of the x-ray diffractometer trace made on the outside surface of
the oxide while still intact on the metal surface. This oxide appears to be a mixture of
FeNbO 4 and a-vFe3O & From the previous program Phase I, the oxide formed on DU-4

alloy was shown by microprobe analysis to have an iron-rich layer of oxide on the surface

and then an iron depleted layer further into the oxide with an iron buildup in the metal matrix
just below the oxide metal interface. The surface after grinding (=20 mils) g ives the structure,
shown in the third column which is difficult to analyze, fitting none of the ASTM cards for

the Nb-Fe-O-Al systems. However, some comments should be made about the strip chert
traces. The lack of a sufficiently large flat surface area introduces two difficulties. First,

if the surface area does not contain the entire beam, then the signal-to-noise ratio will be
decreased. Second, it is difficult to accurately align a small flat surface in the diffractometer.

This causes a decrease in the signal -to-noise ratio and a shift in the positions of the Bragg

* See Appendix C.
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reflection peaks, If the flat surface on your samples were larger (e.g., not cut in half) we
should be able to obtain accurately positioned Bragg reflection peaks with higher signal-to-

noise ratios.

The peaks being compared for alloy 14 should, however, be relatively oriented to each other
since they were taken from the same surface. These results do show a gross difference between

the outer oxide structure and the oxide below the surface.

The oxide from alloy 15 was shown to be composed of NbAIO4 (14-494) aond FerO4 (16-358)
(orthorhombic). The oxide grown on alloy 16 is difficult to identify, Some Nl:tAIO4 (14-494)
can be identified in the scales. Alloy 15-C and 16-C have been oxidized for 24 hours. The
oxides are quite similar to the 15-B and 16-B which were grown on the same alloy for only

7 hours. Both of these alloys exhibited increased oxidation resistance as the oxidotion time
increased, and it appears that the oxide associated with the 15-C and 16-C alloys is more

protective.

Alloys 28 and 29 are alloy 14 with Y, and Y203, respectively, added to the system., The
defractometer scan of the surface indicates the formation of a-Fe203 (13-534) at the oxide

surface as the predominant oxide constituent.

Figures 36 through 39 give the results of the EDAX analysis on the Nb-Fe-Al alloys. A
slight amount of Cr and Co appear in the oxide of alloy 11 (Figure 36 ) and a small amount
of Ti (Figure 37 ) appears in the oxide of alloy 15. The alloy with Y added (alloy 28)
exhibits Y in the oxide. However, no Y was observed for alloy 29 in which Y203 was

added. This indicates that possibly the Y203 is remaining in the metal matrix.
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Although NbAIO4 is identified by diffraction analysis, the EDAX photographs show no Al
in the oxide. Presumably, this is becouse Al is an extremely light element and cannot be

expected to be shown.

3.3.3 Nb-Co-Al Alloy

Alloys 13 and 17 through 27 and 32 through 37 are Nb=Co=-Al alloys. The scales formed on
these alloys are difficult to characterize, All appear to have a rutile type oxide structure.
Some of the x-ray films do match AINbO4 (14-494). None of the patterns match the

Nb2C0409 (hemitite) (13-494), There is no cc(:lsrc)i for the columbite Nb2CoO6 or the rutile

NbCoO 4 both possible structures in this system These samples have been prepared, and

the x=-ray analysis of these results is shown in Appendix C.

All of these Nb-Co-Al olloysoshow the A|203-9Nb205 and A|203-25Nb205 structures
except 18 and 25. A 2,95 d A line becomes increasingly strong as one goes from alloys
19— (24,13) —=(20,22,23)—=21 —=17—=25. This sequence also shows a higher cobalt
or cobalt/aluminum ratio as one progresses from 19 to 25, Alloy 17 has 15 wt. % elemental
cobalt, alloy 21 has 8. 4 wt. % cobalt to 1.9 wt. % Al, and alloy 25 has a 16. 8 wt. % Co

to 4.4 wt, % Al. From this trend, the assumption that the 2. 95 dAo line is from a NbCoO4
rutile or NbZ,CoO6 columbite is quite reasonable. In fact, a fairly close match of some of
the lines in the Nb-Co-Al alloys can be made against a columbite structure of Nb-Ni-O,
(15-159). The x-ray analysis of the NbCoO4 oxide and the Nb2CoO6 oxide do show strong

lines at several d spacings between 2, 90 to 2, 95,

The composition of the oxide scales as determined by EDAX is shown in Figure 40 through
46 for the Nb-Co-Al alloys. These analysis indicate that all of the elements in alloys

are present in the scale although the Al peak is quite low.
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8 79SEC 22318C/S
¥5 1880 S SGEV/CH

NB CR Fe Co W* N8

* Tungsten Excitation

Figure 46. Energy Dispersion X-ray Analysis (EDAX) of the
Oxide Formed on Alloy 22 (Nb=-10NbCrz-15NbAl3-15NbCo,)
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Table C-14 presents the diffraction results for the oxides formed on alloy 24 in the pressed
and sintered stote as well as for the arc -melted alloy oxidized for 420 and 1410 minutes.
Definite differences are apparent for each oxide. Noted by an asterisk on the table are
the lines that match the rutile NbAIO 4 oxide structure, The oxide seems to reach a more
stable structure and becomes the predominant oxide as the oxidation time increases, The
oxide of 24-B does not give the definite strong NbAIO 4 Pottem. Although it is close to
this pattern, a strong 3. 53 line on 24=B apparently shifts to a strong 3. 56 line on 24-C.
The medium intens’ty 3,65 line on 24-B disappears on 24-C, A 2, 68 medium line on 24-C
does not appear on 24-B, Sample 24~A meanwhile has a strong 2, 34 line and definite lines
at 2,49 - 2,54, 2.41, and 2,22 - 2,23, These lines seem to indicate Al=-Nb compounds
such as 12-85 (AINbs), 14-458 (AINb), 15-598 (A'NbZ)' and 13-146 (A|Nb3)' The com-
pounds are feasible due to the mixing of NbAI3 and Nb during the sintering process for 24-A,
The conclusion drawn from these results is that a definite time period is required to form a

protective oxide structure on some of the alloys.

Alloy 17 (Table C-9) is another alloy for which x-ray results of the oxide formed during a
7 hour and 24 hour oxidation exposure have been determined. The same conclusion can be
reached as indicated above for alloy 24, The NbAlO4 structure appears to stabilize as time
at temperature increases. Again, there is a distinctly different oxide formed in the pressed
and sintered sample when compared with the arc-melted sample. The compound Al203-

9Nb20 5

appears as one of the components in the oxide on the pressed and sintered sample.
The d=spacings are presented in Tables C~13 and C-5 for alloys 22 and 13, respectively.

Both of these samples cannot be positively indexed, although A|203-9Nb205 is present

in the oxide formed on the pressed and sintered sample for alloy 22,
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Alloy 18 gives an oxide whose structure is distinctly different from the other oxides. Alloys
20, 21, and 22 gives a similar oxide structure in the as-pressed and sintered configuration.
Mostly, the compound A|203-9Nb205 is formed. The oxides on the Nb=-Co-Al alloys with
Y and Y203 added have been examined using the diffraction technique while the oxide

is still on the sample. With the exception of alloys 36 and 37 and 26, it is not possible to
determine the constituents of the oxides. The oxides for 26, 36, and 37 do contain AINbO4

(14-424) as the predominant oxide species.
Again some of the lines obtained for Cc>NbO4 and CoszO6 appear to match some of the

lines which cannot be positively identified as being associated with a given species listed

in the ASTM card index.
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4,0 DISCUSSION OF RESULTS

Figures 47 aond 48 are temary phase "maps" of the composition investigated. The oxidation
behavior is also o definite function of alloy composition and good and bad behavior is
denoted by an "iso-oxidation" line on each figure. If one examines the oxide phases listed
in Table 7 in light of the compositions plotted in Figures 47 and 48 in most cases the rutile
oxides NbAIO4 and FerO4 are associated with the alloys with the slowest oxidation rates.
On the other hand, the alloys which exhibit the poorest oxidation performance contain
A|203-9N!>205 type oxides. In the case of the best Nb-Cr alloy, the rutile phase CrNbO,
was associated with alloys with good oxidation performance. These results confirm the
findings of the Phase Iil program. However, it is very difficult to locate and analyze the

oxide scales to determine if any spinel-type compounds are present.

Within the context of several summaries of the state -of -the-art of our understanding

of the oxidation behavior of niobium alloys in a paper by Prof. Stringer at the AGARD
Specialists meefing(4) and in an article by Kofstod(s), a more detailed understanding of

the mechanisms of oxidation of Nb alloys is required. Throughout this present program; i.e.,
Phase | to Phase 1V, we have attempted to provide an understanding of the oxidation behavior
by attempting to characterize the scales formed on alloys previously reported to possess good
oxidation behavior with little regard to the other alloy properties such as strength and
ductility. In taking this approach, we have established the role the rutile structures piay in
the formation of a protective oxide on these alloys. The question still remains, "is there

some other oxide layer or intermetallic layer which is rate controlling, or have we sufficiently
lowered the melting point or increased the plasticity of the scales formed on these oxides and
only increased the oxide structural integrity"? The Nb-Al-V system and the Nb-Ti-W

both studied by Wiodek €7

stabilization of the NbO structure. However, these best alloys had porabolic oxidation

gove good oxidation performance based on the formation or
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WT. % Nb -—

TERNARY MAP Nb-Fe-Al SYSTEM

Figure 47. Temary Plot of Elemental Compositions Showing the Region Where
Parabolic Ox ation Constant (k ) Being Less than or Greater than
1.0 (mg/cm2)  /min.
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Alloy 23 Co = Co +Ni

All *
35 oy 22 Al =Al +Cr

Parabolic Oxidation
Behavior

Nb,Al
o .V Nh;‘\l
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9 90 8 80 10

75
Wt 2 Nbp -

TERNARY MAP Nb-Co-Al SYSTEM

Figure 48. Ternary Plot of Elemental Compositions Showing Regions of Parabolic
ond Linear Oxidation in the Nb-Co-Al System
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2
constants of the order of 17,6 (mg/cmz) /min at 1200°C or a metal consumption rate of
~35 mils/100 hours compared with the metal consum~tion rates measured in this program

of 3.0 to 6 mils/100 hours.

Rapp and Goldberg< 8) have suggested that rhenium, a noble metal, when odded to a Nb-Zr
alloy, tended to accumulate in the metal below the oxide metal interface. Microprobe

results determined during Phase {1l of this progran do, in fact, show that Co, Ni, and Fe do
accumulate in the metal substrate just below oxide metal interface. The accumulation of the
more noble metals could decrease the chemical potential of the niobium. In alloys containing
Al, A|203 formed by internal oxidation could react with the accumulated noble metal to

form BA|204 spinels at the oxide metal interface. A lack of adequate phase information

for the alloys and oxides make the detailed development of mechanisms extremely difficult.

The oxygen transport studies initiated during the program have indicated that some oxides,
such as the rutile CrNbO4, has o slower rate of oxygen transport through the oxides than
AINbO4. Yet it has been shown in this study that AINbO4 is associated with the improved
oxidation performance of the Nb-Fe-Al and Nb-Co-Al alloys, and these alloys show the

same low oxidation as the NbCr alloys without the associated internal oxidation.

The best alloys examined during this program based on the oxidation behavior and metal con-
tamination are summarized in Table 9. Alloy 15 gives a 4.3 mils/24 hours to metal loss and
metal affected zone; alloy 16 gives 2.33 mils/24 hours; alloy 17 gives 2. 45 mils/24 hours;
alloy 24 gives 2. 53 mils/24 hours; and alloy 19 gives 4.2 mils/24 hours all calculated ot
1200°C oxidation temperature. Therefore, alloys 15, 16, and 24 are the best alloys based

on minimizing the overall detrimental effects of oxygen on the alloy.
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Table 9. Compoarison of Depth of Metal Affected Zone and
Oxidation Kinetics of the Most Promising Alloys

Metal Affected Parabolic Metal
Zone Depth Constant | Consumption
‘me 2, 4, . mils/
Alloy W (mils) (hes)  |mO7Em7/min o b,
15 60 2,36 7 0. 042 0.76
90 3.4 24 .
16 19 0.75 7 0.17 1,54
i 20 0.7%9 24
17 18 0.7 7 0.15 1,45
25 1.0 24 -
24 6 0.2 7 0.26 1.9
16 0. 63 24 ;
19 22 0.87 7 0.47 2.6
40 1,6 1. 24 . —_—
22 30 1.2 0. 30 2.1
14 30 1.2 r 7 0.24 1.8

*
Based on metal consumption during oxidation.
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5.0 CONCLUSIONS
Nb-Co=~Al and Nb-Fe-Al alloys give improved oxidation behavior
73.4Nb-15Fe-11, 6Al kp = 0,17 3.3 mils/100 hrs.
60Nb-30Fe-10Al 8 = 0,043 1.6 mils/100 hrs. t 1200°C
80.5 Nb-5. 6Co-13. Al kp = 0,26 4.1 mils/100 hrs.

Long time oxidation tests ( approximately 24 hours) are required to form the most

protective scale on these alloys.

Oxygen diffusion rate measurements on C0304-Nb205 indicate a complex

temperature —oxygen partial pressure-oxide phase equilibrium relationship.

The buildup of Co and/or Fe in the metal ot the oxide-metal interface contribute

to the decreased oxygen penetration into the base metal.

NbA|O4, NbCrO4, ond Nl:)FeO4 rutile-type oxides are responsible for the

improved oxidation behavior of these alloys.
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APPENDIX A
AIR OXIDATION WEIGHT GAIN DATA

A-1



3-B

TIME-MIN WT-L0SS WT=-LOSS/AREA (WT=LOSS/AREA)=SGR
1. 3 ] .03 1
2. 2.8 1.6 2.50 2
30 508 306 10.7‘ J
4, 6.1 3.4 11.68 4
5. 5.8 J.¢ 10.74 5

10, 7.3 4,1 17.0% 6
150 9.5 505 30066 7
20, 13.0 7.3 53.94 ]
25. 14,8 8.4 69.92 9
30, 17.1 9.7 93.34 10
40. 21.1 11.9 142,11 11
50. 25,9 14,3 204,351 12
60. 29,9 16.6 274,02 13
90. 43,5 24.0 603.99 14
120, 59,4 33.6 1126.23 1°
150. 76.8 43,4 1882.68 16
180. 96.1 54,3 2947.82 17
210, 114,95 64,7 4184.7¢C 14
240, 134,98 75.9 5757.12 19
270. ' 154,93 87.¢ 7599.51 20
300. 175, 99.0V 9808.83 21
330. 197.3 111.5 12425.32 22
360. 218.3 123.9 15211.11 23
7-8

TIME-MIN wT-L0SS WT=LOSS/7AREA (W1-L0SS/AREA)=SQR
1. .0 N ] .00 1
2, 3.5 1.9 3.70 2
3, 7.0 3.8 14,79 K}
4, 7.9 4.1 16.¥8 4
5. 8.u 4,4 19.92 >

10, 10.0 5.5 30.19 6
15. 12.° 6.9 47.17 /
20. 15.¢ 8.4 69.75 -]
25. 17.0 9.4 87.25 9
30. 18.> 10,¢ 105.9¢ 19
40. 23. v 12.0 159.70 11
50. 26.° 14,06 212.v1 12
60. 30.V 16.5 271.71 14
90. 40.40 22.0 483.03 14
1200 ‘800 ebl‘ 095o97 1>
150. 55,8 30.7 940.00 16
180. 62.V 34,1 1160.49 17
210, 68.0 37.4 1395.97 18
240, 73.0 40.1 1608.00 19
270. 77.° 42,6 1813.¢6 2V
300, 82.0 45,1 2029.95 21
330, 86.V 47,98 2232.02 22
360. 90.0 49,5 2445,36 2$
390, 93.° 91.4 2039.¢5 24
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10-A
TIME=-MIN WT=L0SS WT«LOSS/AREA (WT-LOSS/AREA)=SQR
1. 1!5 ls '28
2. 3.0 1.1 1.13
3. 6.0 2.1 4,53
4, 7.0 2.5 6.16
5. 8.5 3.0 9.09
10. 13.5 4.8 22.92
15. 17.5 6.2 38.51
2¢. 21.7 7.7 59,21
25, 25.0 8.9 76.59
30. 27.5 9.8 95.10
40. 33.0 11.7 136.94
50. 37.0 13.1 172.15
60. 41,5 14,7 216,57
90, 53.0 18.8 353.23
120. 64,0 2.7 515,06
150. 73,0 25.9 670.11
180, 80.0 28,4 804.79
11-A
TIME-MIN WT=L0SS WT-LOSS/AREA (WT-LOSS/AREA)=SQR
1. 1.0 .3 .07
2, 3.0 .8 162
3. 7,0 1.6 3.36
4, 8.0 2.1 4,39
5. 10,5 2.7 7.56
10. 18,0 4,7 22,20
15, 23.5 6.2 37.85
20, 28,2 7.4 54,50
25, 31.0 8.1 65.86
30. 34,0 8.9 79.22
40. 38.0 9.9 98.96
50. 42,5 11.1 123,78
60, 46,5 12.2 148.18
90. 56,0 1¢.7 214,91
120, 64,5 16.9 284,10
150, 72.0 18.8 355,25
180, 76.0 20.4 416,93
210, 84,5 22.1 489,31
240, 90.0 23.6 555,08
270. 95,5 25, 625.00
300, 101,0 26,4 699.06
330. 106.5 27.9 777.27
360. 111.5 29.2 851,97
390, 114.0 29.6 890.60



TIME-MIN

1.
2.
3.
4,
5,
10.
15,
20.
5.
30.
40,
50.
60.
90.
120.
150.
180.
210.
240,
270.
300,
330,
360.

TIME-MIN

1.
2.
3.
4.
5.
10.
15,
20,
25.
30,
40.
50,
60,
90.
120.
150.
180.
210,
240.
270,
300,
330,

WT-L0SS

WT-L0SS

63.0

89.5

98.5
101.0
104,5
110.5
114.0
117.7
120.0
122.0
126,5
131.0
134.,5
146.,0
158.0
169,5
140.0
148,5
196,5
203,0
209.0
213.0

11-8

WT-LOSS/AREA

-

QO NO B GLWr

© & o ® o o e o @
CNOCUTOTETGCGNEBO

.

N = = =
OO &G
« o o o

c -

22.4
25.3
27.7
30.3
33.1
85,6
$7.9
40.2
42.¢

12-A

WT<-LOSS/AREA

16.4
23.2
25,6
26.2
27.1
28,7
29.6
30.6
31.2
31.7
32.9
34,0
Ja.9
37.9
41.0
44,0
46,8
49,0
51.0
52.7
54,3
5503

(WT-LOSS/AREA)-SQR

.00
2.06
11.89
13.95
18,58
39.97
60.20
96.58
109.41
134,77
174,73
219.86
258.95
400.00
502.38
639.45
767.35
920.41
1095,.064
1269.65
1438.76
16168,.44
1784,383

-
C L N VT &N

TR
[ 7N\ W =g

. s
-0 Vv s

-
< @

AN
L2 ]

(WT-LOSS/AREA)=SQR

267.77
540,41
654,56
688.21
736.73
823.76
876,78
934,61
971.50
1004.15
1079.59
1157.77
1220,46
1438,08
1684.20
1938,29
2185.07
2397,18
2604,98
2780.17
2946.94
3060.82
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12-8
TIME-MIN WT-LOSS WT-L0SS/AREA (WT-LOSS/AREA)=SQR
1. 1,0 LY |31 1
2. 1,0 *,6 031 2
3. 1.0 6 31 3
4, 1.0 N 31 4
5. o7 o4 «15 5
10. 2.0 1.1 1.25 6
15. 2.7 1.5 2.28 7
20. 4,2 2.9 5.51 8
250 502 2»9 804‘ 9
30. 6.0 3.4 11.24 10
40, 6.5 3.6 13.19 11
50. 7,0 3.9 15.29 12
60. 7.5 4,2 17.5%6 13
90. 9.0 5.0 25.28 14
120. 10.0 5.6 31.21 15
150. 11,5 6.4 41.¢8 16
180. 12.0 6.7 44,94 17
210. 13.¢ 7.4 54.38 10
240, 14,0 7.8 61.17 iy
270. 15.0 8.4 70.22 20
300. 16,0 8.9 79.90 21
330, 16,3 9.1 82.92 22
360. 16.8 9.4 88.09 23
390. 17,9 9.0 95.58 24
420. 18.0 10,12 101.12 25
13-A
TIME-MIN WwT-L 0SS WT=-_0SS/AREA (WT=_LOSS/AREA)=SQR
1. 2.0 ) 31
2. 5.5 1.5 2,31
3. 8.5 2.3 5,51
4, 1000 2'“ 7.63
S 11,0 3.0 9.23
10. 14,5 4,0 16.04
15, 17,5 4,8 23.37
20. 20.7 5.7 32.70
25, 23,0 6.4 40.37
30. 24,5 6.8 45.481
40. 27,0 7.% 55.63
50. 30,0 8.3 68.68
60. 32.0 8.8 78.14
%0. 38.0 10.5 110,19
120. 43,0 11.9 141,10
150. 48,0 13.3 175.82
180. 52.5 14,5 210,33
210, 57.0 15,7 247,93
240. 61.5 17.0 288.62
270. 66.0 18,2 332.43
300. 69.5 19.2 J68.060
33e, 73.5 20.3 412.25
360. 78.0 21.5 464,27
420. 44,5 23.3 544,87



14-8

TIME=-MIN WT-L 0SS WT-LOSS/AREA (WT-L0SS/AREA)=SQR
1, 2.5 .8 .58
2. 3.7 1.1 1.26
3. 6,4 1.9 3.78
LN 6.3 1.9 3.67
5. 6.5 2.0 3.90

10. 8.8 2.7 7.15
15. 10.5 3.2 10.19
20. 13.0 4,0 15.61
25, 14,0 4,3 16.11
30. 14,8 4,5 20.24
40. 16.0 4,9 23.65
50. 17.0 5.2 26.70
60, 18.2 5.5 30.60
90. 20.8 6.3 39.97
120. 22.8 6.9 48.03
150. 25.0 7.6 $7.74
180. 27.0 8.2 67.35
210, 28.7 8.7 76.10
240, 30.0 9.1 83.15
e70. 31.7 9.6 92.84
300. 33.¢ 10.1 101.83
330. 14,5 4.4 19.42
360. 35.8 10.9 118,41
390. 36,6 11.1 123.76
420, 38.0 11.6 133.41
15-8

TIME-MIN WT-L0SS WT-LLOSS/AREA (WT-LOSS/AREA)=SQR
1, 3.0 .8 .58
2. 4,5 1.1 1.31
3. 7.5 1.9 3.64
4, 7.0 1.8 3.17
S. 7.0 1,86 3.17

10. 8.5 2.2 4,68
15. 9.5 2.4 5.84
20. 11.7 3.0 6.86
25. 12.5 3.2 10.12
30. 13.5 3.4 11.60
40. 15.3 3.9 15.16
50. 16.5 4.2 17.63
60. 18.0 4.6 20.98
90. 20.5 5.2 27.24
120. 22.5 5.7 32.78
150. 24,5 6.¢ 38.86
180. 26,5 6.7 45,47
210, 28.3 7.2 51.85
240, 29.5 7.% 56.35
270. 31.2 7.9 63.03
300. 32.9 8.3 68.39
330. 33.7 8.6 73.53
J60. 35,0 8.9 79.31
390. 36.0 9.2 83,91
420. 37.0 9.4 88.64
450, 37.5 9.% 91.05
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15-C
TIME-MIN WT=L08S WT-LOSS/AREA (WT=LOSS/AREA)=SQR
‘
1. 1.5 o3 +08 1
2. 2.\ o4 14 2
3. 3.6 o7 52 3
4, 3,3 o6 «39 4
5. 3.0 N 32 5
10, 3.0 o0 32 6
15, 3.5 o7 Y 7
20. 5.9 1.0 1.08 8
25. 6.3 1.2 1.42 9
30. 6.8 1.3 1.65 10
40, 7.5 1.4 2,01 11
50. 8.9 1,6 2.46 12
60. 9.3 1.6 3.09 13
90. 11,9 2.1 4,96 14
120. 13,3 2.5 6.32 15
150, 14,3 2,7 7.31 16
180. 15,3 2.9 8.37 17
210. 16,5 3.1 9.73 18
240, 18,V 3.4 11.58 19
270. 18,3 3.5 11.97 20
300, 19,5 3.7 13.59 21
330. 20.9$ 3.8 14,73 22
360, 21,2 4,1 16.52 29
390. 22,3 4,2 17,77 24
420. 23.9 4,4 19,40 25
450, 23.5 4,4 19.73 26
480. 24,5 4,0 21.45 27
510. 25.9 4,8 22.87 24
540, 25,8 4,9 23.79 29
570. 26.5 5.0 25.09 30
600. 27.1 5.1 26.24 31
630. 27.3 5.2 26,63 32
660. 28,3 5.3 28,62 33
690, 28,8 5.4 29.64 34
720, 29,9 5.5 30,68 39
750. 29,8 5.6 31,73 38
780. 30,9 5,7 32.81 37
810. 31,9 5.9 35.01 38
840. 31.9 6.0 35.46 3y
870. 32.1 6.1 36.82 40
900. $3.1 6.3 39.15 41
930, 33.4 6.3 39.063 42
960, $3.48 6.4 40.b2 43
990. 34,3 6.5 42.04 a4
1020. 35,1 6.0 44,03 45
1050, 5.4 6.7 44,53 46
1080. $5.4 6.8 45,00 47
1110, 36.Y 6.9 47,61 48
1140, 37,1 7.0 49,19 4y
1170. 37.4 7.1 49,72 50
1200, 38,3 7.2 52.42 51
1230, 36,3 7.2 52,42 52
1260. 38.8 7.9 53.80 53
1290, KK 7.4 55.19 54
1320. 39,5 7.% 5,75 59
1350, 40,9 7.6 58.04 56
1380, 40,5 7.7 58,61 57
1410. 41,9 7.6 60,95 58
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Astronuciear
Laboratory

16-B
TIME-MIN WT=L0SS WT«LOSS/AREA (WT=-LOSS/AREA)=SQOR

1. 3.0 7 47

20 ‘Oo 09 oa‘

3. 7.0 1.6 2.58

4, 8.5 1.9 3.80

5. 9.0 2.1 4,26
10. 11.5 2.6 6.96
15. 13.5 3.1 9.59
20. 1602 3-7 13061
25. 17.5 4.0 16.11
30. 18.5 4.2 18.00
40. 20.5 4.7 22.11
50. 22.5 5.2 26,63
60. 23.5 5.4 29.05
90. 26.5 6.1 36.94
.20, 29.5 6.8 45.78
150. $2.0 7.3 53.87
180, 34,5 7.9 62.61
210. 36.5 8.4 70.08
240, 3g.5 a.8 77.97
270. ‘0'5 903 56029
300, 42.5 9.7 95.02
330. 43,5 10.0 99.54
360, 45,0 10.9 106.53
390, 46,5 10.7 113.75
420, 48.0 11.0 121.20



TIME-MIN

1.
2.
3.
4,

10.
15,
20.
25.
30.
40,
50.
60.
90.
120.
150.
180.
210,
240.
270.
300.
330.
360.
390.
420.
450.
480.
510.
540.
570.
600.
630.
660.
690,
720.
750.
780.
810.
840.
870.
900.
930.
960.
990.
1020.
1050.
1080.
1110.
1140.
1170.
1200.
1230.
1260.
1290.
1320.
1350,
1380,
1410.
1440,
1470,
1500.
1530,

WT=L0SS

16-C
WT-LOSS/AREA

“.1

NOPV VWD L LWLUWLWRNRNR F - e

CGRRVNNOCOVVI®NNNNCGCOUVMONNNYNNOO VNN N

-
CRNCCTOC AV CIVN RO VPAC VG OCNHEROUYRE YN ECUNC NGB CNUE X VNG O NG C N+ e

- s

Lol I N
B Gl Cal G G
e ® o o o
- ao

(WT-LOSS/AREA)=SQR

01
.08
1.13
1.23
1.13
2.80
4,02
5.23
7.23
8.42
10.90
12,92
14,60
19.45
23.38
28.16
32.04
35,32
39.65
45,18
48,41
52.43
56.96
61.31
65,44
32.04
35.32
39.065
45,18
48.4]
52.43
56,96
61,31
65,44
32.04
35.32
39.65
45,18
48,41
52.43
56.96
61.31
65,44
32.04
35,32
39.65
45.18
48,41
159,21
164,01
166,43
174,44
177,57
183.91
190.36
191.67
198.¢5
210,39
21%.90
216,68
225.71

CO®NO VU &N



Astronuclear
Laboratory

17-8
TIME=MIN WT=L0SS WT=-L0SS/AREA (WT=-L0SS/AREA)=S0R

1! 205 .5 028

2. 4,5 .9 90

3. 7.0 1.5 2.18

4, 7.5 1.6 2,50

5. 8.0 1.7 2.85
10. 6.0 1.3 1.60
15. 9.0 1.9 3.61
20. 12.2 2.6 6.62
25, 13.5 2.8 8.11
30. 15.5 3.3 10.69
40, 17.5 3.7 13.63
50. 18.5 3.9 15.23
60. 20.0 4.2 17.80
90. 23.5 5.0 24.58
120. 25.5 5.4 28.94
150. 28.0 5.9 34.89
180. 29,5 6.2 38.73
210. 31.0 6.5 42.77
240, 33.0 7.0 48,47
270, 34,5 7.3 52.98
300. 35.5 7.5 56.09
330. 36.5 7.7 59.30
360. 37.5 7.9 62.59
390. 38.5 8.1 65.97
420. 39,5 8.3 69.44
450, 40.5 8.5 73.01



TIME-M]N

1.

2.

3.

4,

5.
10.
15.
20.
25.
30,
40.
50,
60.
90.
120.
150.
180.
210.
240.
270.
300,
330,
360,
390.
420.
450.
480.
510.
540,
570.
600.
630.
660.
690.
720.
750,
780.
810.
840.
870.
900,
930.
960.
990.
1020.
1050,
1080.
1110,
T 1140,
1170.
1200.
1230.
1260,
1290,
1320.
1350.
1380,
1410,

WT=_ 0SS

17-C
WT=LOSS/AREA

]

-
©
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® © & e & & & 2 ® 8 @ ® @ e & & ®© ®© ®© @ ®© © & ® ® & 8w e s e = s »m w e
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12.0

- e ps
LN SY SN
o] e [«
~NAP L

12.9

(WT=L0SS/AREA)=SQAR

+30
76
2.01
1.83
2.01
3,44
4,77
7.45
6.18
9.34
11,75
13.78
15.45
12.20
24.57
29.08
38.48
37.38
41.49
44,35
47.30
50.35
53.50
56.74
60.u8
63.51
67.04
69.93
71.40
74.38
78.20
81.381
84.90
86.11
90.21
93.%6
97.40
100.00
103.08
106.06
109.38
112.14
116.81
120.62
125.46
127.42
131.40
135,43
140,56
144,21
146.84
152.18
156.52
160.497
16%.95
16v.91
174,49
180.91

WE NG VU L N -



Astronuclear
Laboratory

18-8
TIME-MIN WT- 0SS WT-LOSS/AREA (WT=LOSS/AREA)=SOR
1. 4.5 1.0 .91
2. 7.0 1.5 2.20
3. 10.5 2.2 4.95
4, 11.0 2.3 5.43
S. 12.0 2.5 6.46
10. 14.0 3.0 8.80
15. 16.0 3.4 11.49
20. 19,7 4.2 17.42
25, 21,0 4.4 19.79
30. 22.5 4.8 22.72
40. 25.5 5.4 29.19
$0. 27,5 5.8 33.95
60. 30.0 6.4 40,40
90. 35.5 7.5 56.57
120. 40,5 8.6 73.63
150. 44,5 9.4 88.89
180, 48,5 10,3 105.58
210. 52.5 11.1 123.72
240. 55.5 11.8 138.26
270. 60.0 12,7 161.59
300. 62.5 13.2 175.34
330. 65,5 13.9 192.57
360. 68,5 14,5 210.62
390, 71.0 15.0 226.27
420. 74,0 15.7 245,80

A-13



TIME-MIN

1.

2.

3.

4,

5.
10.
15.
20,
25,
30.
40.
50-
60.
90.
120.
150.
180,
210,
2‘0.
270,
300.
330.
360.
390,
420.
450,
480,
510.
540.
570,
600.
630.
660.
690,
720.
750.
780.
810.
840.
870.
900.
930,
960.
990.
1020,
1050,
1080.
1110.
1140.
1170,
1200.

WT=L0SS

80.5
83,5
86,9
92.2
94,5
97.5

100.0

102.%

105,95

108.>

111.5

1140

116.7

119,7

142.5

123,7

128.5

131.7

135.0

158.0

141,5

144,0

147,V

151,0

154,5

18-C

WT-LOSS/AREA
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172,

18.1
18.8
19.5
20.2
21.%
22,

22.8
23,4
23.9
24.6
25.4
26.1
26.06
27.38
28,0
28.6
8.9
30.0
30.8
31.5
32.¢
33.1
33.6
34,3
3503
6.1

A-14

(WT-LOSS/AREA)=SQR

12

87
2.67
3.49
4,42
7.86
10.70
17.10
19.71
22.94
30.15
36.90
44,34
66.87
85.17
105.69
128.41
147,61
168.15
190.03
213.24
235,64
259.90
279.08
302.99
327.88
353.76
380.61
408.46
464,06
487.50
518.95
545,90
573.54
607.60
642,65
678.68
709.45
743.45
782.17
819.19
835.42
901.40
946.86
994,90
1039.061
1093.01
1131.98
1179.63
1244,70
1303.08

CE®NO T &N
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19-B

TIME-MIN WT-L0SS WT-L0SS/AREA (WT=_0SS/AREA)*SOR
1. 1.5 ) '13
2. 5.0 1‘2 1.40
3. 8.5 2.0 4,06
4. 9.0 2.1 4,55
5. 10.0 2.4 5,62

100 1205 3.0 6.77
1s. 14,0 3.3 11,01
20. 16,7 4,0 15.66
25. 18,5 4.4 19.22
30, 19.5 4,6 21.35
40. 22.0 5.2 27.18
50. 24,5 5.8 33.71
60. 26,0 6.2 37.96
90. 31.5 7.5 55.72
120. 35.5 8,4 70.77
150. 39.5 9.4 87.61
180. 42,5 10.1 101.43
210. 45,5 10.8 116.25
240, 48,5 11,5 132.09
270, 51,5 12.2 148.93
300. 54.0 12,8 163.74
330, 56,5 13.4 179,26
360. 59,5 14.1 198,80
390. 61.5 14,6 212.39
420. 63.5 15.0 226.42



TIME-MIN

1.

2.

3.

4.

5.
10.
15.
20.
25,
30.
40.
50.
60,
90.
120.
150.
180,
210.
240,
270.
300.
330,
360.
390.
420.
450,
480.
510.
540,
570.
600,
630,
660,
690.
720.
750.
780.
810.
840,
870.
900.
930.
960.
990.
1020,
1050.
1080,
1110.
11‘0.
1170,
1200,
1230,
1260.

WT-L0SS

NAANANO Y NO =

O VAT 85 806G RON NS 02 s
OV NOOWOOr: oW O
* o ® ®© o ® @ ® e ® ® o o o

63.0
65.5
68.9
70,5
73,0
75,5
77.5
79,5
82.0
83,7
86,0
88.0
90.0
92.0
93,7
95,5
97.38
99,4
101,
103.0
104,95
106.>
1v8.>
110.5
1120
1140
115,/
117,>
119.5
121.0

19-C

WT-L0SS/AREA

COVODNOVDE & GIGWNNF -
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13.6
14.1
14,6
15.1
15,6
16,0
16.5
17.0
17,3
17.8
18.2
18.6
19.0
19.4
19.0
20,1
20.6
20.9
21,3
21,6
22,V
22,5
22.9
23.¢
23'6
2‘.0
24,9
24,7
25.1

(WT-LOSS/AREA)=SOR

04
+53
1.81
2.28
2.41
4'73
6.38
10.57
13.13
15.47
19.81
24.u8
29.42
42,53
55,55
67.56
81,11
92.69
105.03
118.15
132.04
145,69
157.94
170,13
183.90
199.96
213.U5
228.43
244,34
257.46
270.92
288,23
300.30
317.03
331.95
347.21
$62.51
376,34
390.94
405,82
422.67
437.27
454,76
468.10
486.19
504.62
523.40
537.70
557.08
573.82
91,81
612.13
627.9

Astronuclear
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20-A

TIME-MIN WT-L 0SS WT-LOSS/AREA (WT=-LOSS/AREA)=SQR
1. 2.5 5 «30
2. 6,0 1.3 1.70
3. 9.0 2.0 3.83
4. 9.5 2.1 4,27
5. 10.5 2.3 5.21

10. 13,5 2.9 8.61
15. 15.0 3,3 10.63
20. 18.7 4.1 16.53
250 2005 ‘.5 19086
30. 21.5 4.7 21.85
40. 24.5 5.3 28.37
50. 27.5 6.0 35.74
600 29|5 60‘ ‘1013
90. 36.0 7.8 61.25
120. 42,5 9.2 85.36
150. 47.5 10.3 106.63
180. 52.9 11.4 130.26
210. 57.5 12.5 156.25
240. 62,5 13.6 184,61
270. 67,0 14,8 212.15
300. 71.5 15.5 241,60
330, 76.5 16.6 276,57
360. 81,0 17.6 310,07
390, 85,5 18.6 345,47
21-A

TIME-MIN WT-L0SS WT-LOSS/AREA (WT=-LOSS/AREA)=SQR
1. 6.5 1.4 1.92
2. 10.0 2.1 4,55
3. 14,0 3.0 8.91
4. 15,5 3.3 10.92
5. 18,0 3.8 14,73
10. 26,5 5.7 31.53
15, 34,0 7.2 52,55
20, 40.7 8.7 75,31

‘25, 46,5 9.9 98.30
30. 53.5 11,4 130.13
40. 65,5 14,0 195,05
50. 78,5 16.7 280.15
60. 91.5 19.5 380.62
90. 130.5 27.8 774,24
120, 174,5 37.2 1384.35
150. 221,5 47,2 2230.50
180. 269,5 $7.5 3301.96
210. 319.5 68.1 4640.83

A=18
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22-p

TIME-MIN WT=L0SS WT-LOSS/AREA (WT-LOSS/AREA)=SOR
1. -.5 .1 .01
2. 3.0 o6 39
3. 10.0 2.1 4,30
4, 10.9 2.2 4,75
S, 11,0 2.3 5.21

10. 13,5 2.8 7.84
15. 13,0 2.7 7.27
20. 15,2 3.2 9.94
2%, 15,5 3.2 10.34
30. 16.5 3.4 11.72
40. 18.5 3.8 14,73
S0. 19.5 4,0 16.37
60. 21.5 4.5 19.90
90. 25,5 5.3 27.99
120. 28.5 5.9 34.96
150. 32.5 6.7 45 .46
180. 35,5 7.4 54.25
210. 58.5 8.0 63.80
2'“00 ‘1.5 ‘06 7‘013
€70, 39.0 8.1 65.47
300. 4¢.5 9.6 93.07
330. $9.5 10.3 105,47
360. 51.5 10.7 114.16
23-A

TIME-MIN WY=L 0SS WT=LOSS/AREA (WT=L0OSS/AREA)=SQR
1' o, 01 001
2. 3.0 o7 «50
3, 5,5 1.3 1.67
4, 5,7 1.3 1.80
S, 6.2 1.5 2.13
10. 7.5 1.8 3.11
15. 9.0 2.1 4,48
20. 11,7 2.8 ?7.58
2s. 12.5 2.9 8,65
30. 13.5 3.2 10.09
40. 15,5 3.6 13.30

50. 17.5 4.1 16.96

60. 19.5 4,06 21.05

90. 23.5 5.5 30.57
120. 27.5 6.5 41,87
150. 31.5 7.4 54.93
180. 34,5 8.1 65.90
219. 38.5 9.1 82.06
240. 41.5 9.8 95.35
270, 45,5 10.7 114,62
300. 48,5 11,4 130.23
330. 52.0 12.2 149,70
360. 54,5 12.8 164,44
390. 57.5 13.5 183,04
420. 60.5 14,2 202,64

A-20



Astronuciear
Laboratory

24-B
TIME-MIN WT=LO0SS WT-LOSS/AREA (WT=_0SS/AREA)=SQR
1' 205 .6 03‘
2. 5.5 1.3 1.64
3. 8.0 1.9 3.48
4, 7.5 1.7 3.06
5. 7.0 1.6 2.66
10. 10.5 2.4 5.99
15. 14.0 3.3 10.65
20. 17.7 4.1 17.02
25, 20.5 4.8 22.83
30. 22.5 5.2 27.51
40. 25.0 5.8 33.96
S0. 27.5 6.4 41.09
60. 29.5 6.9 47.29
90. 34,5 8.0 64.67
128. 38.5 9.0 80.54
150. 42,5 9.9 98.14
180. 45,5 10.6 112.49
210, 48.5 11.3 127.81
240. 50.5 11.8 138.57
270. 53.5 12.5 155.52
300. 296.5 13.2 173.45
330. 58.5 13.6 185.95
360. 60.5 14, 198.68
390. 62.5 14.6 212.25
420. 64.5 15.0 226,05

A-2]



TIME-MIN

b

2.

3

4,

S,
10.
15,
20.
25.
30.
40.
50.
60'
90.
120.
150,
180.
210.
240.
270.
300.
330.
360.
390.
420.
450.
480,
510.
540.
$70.
600.
630.
660.
690.
720.
750.
780.
810.
840.
870.
900.
930.
960.
990.
1020.
1050.
1080.
1110.
1140.
1170,
1200.
1230.
1260.
1290.
1320.
1350.
1380.
1410.

WT-L0SS

16.7

52.’

24-C
WT=LO0SS/AREA
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(WT=LOSS/AREA)-SQR

+50
66
4.10
4.52
6.71
11.43
15.58
21.12
25.00
28.78
35.18
41.18
48.77
61.05
75.77
89.37
100,41
112,94
123.96
135.48
145,07
156.00
168.089
1768.50
186.70
196.23
212.43
222.58
232.85
239.81
246.12
253.16
262.26
270.85
278.90
285.71
292.59
303.07
312.30
315.89
S2¢6.78
334.13
343.07
350.061
358.24
362.u8
372.16
380.01
383.18
391.14
399.19
405,09
415,48
422.16
438.96
443,21
444,92
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Astronuclear
Laboratory

25-A
TIME=MIN WT=L 0SS WT«LOSS/AREA (WT=LOSS/AREA)=SQR

1. 'os .1 001
2. 12.0 2.6 6.66
3. 17.0 3.7 13.37
4, 18.5 4,0 15,83
S. 19.0 4,1 16.70
10. 17,5 3.8 14,16
15. 16.> 3.5 12.59
20. 17,7 3.8 14,49
25. 18,5 4,0 15.43
30. 18.5 4.0 15.83
40. 22.5 4.8 23.41
50. 26,5 5.7 32.48
60. 29.5 6.3 40,25
90. 39.5 8.5 72.16
120. 48,5 10.4 108.79
150. 59.5 12.8 163.73
180. 70,5 15.2 229.86
210. 83.5 18.0 322.45
240. 96.5 20.8 430.67
270. 114.5 24,6 606.32
300. 128.0 27.5 757.73
330. 141,5 30.4 925.99
360, 152.5 2.8 1075.56
3%0. 165.5 35.6 1266.75
420. 177.5 38,2 1457.10

A=23
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Figure A-4,  Oxidation Behavior of Experimental Niobium Alloys at 1200°C
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Astronuciear

Laboratory
26-B
TIME-MIN WT=-L0SS wT-LOSS/7AREA (WT=-LOSS/AKREA)=SQR
1. 100 ., -du 1
2. 3.V 1.4 1.0 é
3. 6.2 2.9 8,00 3
4, 7.0 J.é Y.v/ q
5. 7. J.4 11.44 >
10. 10.V 4. 20.99 o
15. 11.5 5.¢ 20,91 /
20, 14,¢ 6.4 41,u¢ d
25, 1%,V 6.8 45,/8 L
30. 16.0 7.¢ 52.u8 Iy
40. 18,5 8.9 69.04 11
50. 20,9 9.4 8d.u¢ 1¢
60, 23.V 10,9 107,638 19
90. 27,% 12.4 13,86 14
120, 31.V 14,V 195.0¢ 1>
120, $4,> 15.0 242,14 1o
180. S8,V 17.1 298.79 1/
210. 41,0 18.% d42.u1 1y
240. 44,V 19,0 393.0y 1y
270, 46.V 20,/ 430,51 lv
300, 49,u 22.1 486.20 el
330, 21.0 23.0 529.19 é<c
360, 23,V 3.9 571.51 P
390. 20,0 25,9 63b.ud 4l
420. 8.0 26.¢ bY4.,4¢ 2%
27-8
TIME-MIN WT=L05S WT-LUSS/AREA (WI=LOSS/AREA) =SQK

1. s o1 Ul 1
Z. J.¢ 1.4 1.09 P
3. 6,¢ 2./ 7.u8 K)
4. 6.7 2.9 B.27 4
5' 7" 3'1 9.55 ,
10. 9.7 4. 17.99 6
15. 12.v Yet 26.5¢ /
20- 1‘09 6.‘ 40.69 ]
é5. 16./ 7.¢ 21.9/ Y
S0, 17,/ 7.6 57.71 1
40. 19.Y 8.2 72.94 11
0. 22.5 9.7 98.¢> 1<
60. 3.,/ 10.¢ 105,46 18
90, 28,/ 12.9 1v1.7¢2 14
120- 42.¢ 1516 19J.v9 1>
180. 37,7 l6.¢ 2061.b0 1/
210. 40,/ 17.9 SUv.1¢ 1o
240, 42,5 18.¢ S32.71 1y
270. 44,/ 19,¢ So68.,U> Zu
SU0. 40./ 20.0 dul./2 é1
3380, 48,7 e0.y 450.06 V-y4
360. 50,/ 21.8 473.48 )
390, 22.¢ 2.4 SU1.v1 24
420, 238,/ 3.V 231.17 é2
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26-8

TIME-MIN WT=L0SS wT-LUSS/AREA (WT=LOSS/AREA) =5UR
1. o & 02 1
2. 1.4 o/ 142 4
S. $.8 1.9 $.61 3
4, 4,9 2.¢ 4.0¢ 4
50 ‘06 20‘ ‘002 ,

10. 7.9 3./ 18.9¢ °
15. 8.0 4.9 18,49 /
0. 10.> 5.¢ 2756 3
25. 12.V 6.V S6.,U0 Y
30. 12,9 6.¢ 37.0¢ v
40, 14,9 7.¢ 51.12 11
50, 15.9 7./ 98.5¢ 12
60, 16.9 8.¢ 66.42 19
90, 1y.,> 9.7 9v.ub 14
120. 21,9 10.7 118.4¢2 1>
150. 3.2 11./7 13d.U6 lo
180. ¢5.1 12.9 157.50 1/
210. 27,9 13,7 1806.9¢ by
240, 28,9 14,¢ ¢yl.2¢ 1y
2/0. $0.9 15,« 2e¢9.5¢ P4]
300. 31,9 15./ 244,92 21
330, 2.9 16.¢ -1V -¥4 Y4
360. S3.9 16./ é77.¢¢ L)
390, 34,5 17.¢ 297.%6 'L
28-8

TIME-MIN WT=-L05S WT-L05S/7aREA (WT=LOSS/AREA)=SUR
1. o o1 U1 1
20 1.’ .‘ !1, d
30 306 10‘ 1'49 "
4, 4,9 1.4 1.8 4
5. 4,9 1.4 1.0 >
10. 7.9 249 5.94 °
15. 8.6 2./ 7,42 /

20. 10.> S.9 11.U> -]
2>, 12.0 J.b 14,44 Yy
30. 12,9 3.9 1.1/ v
40. 14,9 4, ¢u.oU 11
20. 15,9 4,0 28.47 1<
60, 16,9 5.¢ 2. b4 19
v0. 19,5 6.¢ $8.19 14
120. 21,9 6.7 «H .49 1>
1,00 ‘Jc, 70“ 7”:3/ lo
180, 25,1 7.9 639.17 1/
210, 27.9$ 8.0 74.78 10
240, 28,98 9.0 gu.s1 1y
270. $0.9 9.6 92.V6 2V
300, 31,9 9.9 Yo.c$ 21
330. 32.9 10.¢ i1v4.,01 e
Jou. 3.9 10,5 111.19 )
390, 34,2 10.Y 119.95 24
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Laboratory
29-8
TIME=MIN WT=L0SS wT-LOSS/7AREA (WT=LOSS/AKEA)~SQR
1, -, -1 U1 1
ry 1.8 B 105 4
3. 4,9 2.2 4,04 3
4, 5.9 2.4 5,065 4
5. 6.9 2.0 7.99 >
10. 9.> 4,8 18.16 )
15. 10.0 4,8 23.48 /
20. 14,V 6.9 $9.45 -}
250 15.\’ 609 ‘7112 9
30. 16.3 7.9 53,48 Y1
40, 17,0 8.V 038.77 11
50, 19.4 8.9y 78.v1 1¢
60. 21.9 9.6 91.91 19
90. 24,9 10.9 11b.85 14
120. 27,9 12.¢ 150.00 1>
150. 29.2 13.¢ 175.16 16
180. 92,9 14,5 9.yl 1/
210. S4,98 15.4 236./9 le
240, 36.9 16.9 265.¢21 1y
2/0. $8.1 17.1 29¢.17 2V
300. $9.5 17./7 Jla,vs 21
330! 4106 160’ 64500“ Zd
360, 42.08 19.¢ d68./0 9
390, 44,9 19.9 394 .99 24
420. 45,0 20.>2 422.19 e
31-8
TIME-MIN WT-L0SS WT=LUSS/AREA (WT-LOSS/AREA)=SQR

1. ' WU U0 1
2. "2 Y U4 Z
3. 2.2 1.0 1.07 3
4, 2.2 1.v 1.07 4
5. 2.2 1.0 1.07 >
i0. J.v 1.¢ 1.4 ®
15, 4, i.v 3.47 /
20' 6'2 2.° OobU 5
250 6.0 21” 7.98 Yy
30, 7.¢ 3.0 8.9U 1
40, 8.2 3.2 12.4y 11
50, 8.9 3.° 1¢.4v 1l
60. 9.V e/ 13.90 19
90. 11.v 4,6 20.70 14
120. i1.,> 4.0 2. 069 1>
150, 12.5 5.¢ 26.81 1o
180, 13.v 5.4 29.U0 1/
210, 14,0 5.0 33.068 le
240, 14,0 6.1 7.9 iy
270. iv.0 6.¢ Jy.01 2V
300. 15,2 6.4 41.29 21
330, 16,4 6.0 43.93 e
360, 16.V 6.0 43,93 29
420, 17.¢ 7.1 50.77 2
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TIME=-MIN

1.
2.
Je
4.
5.
10,
15.
20.
5.
$0.
40.
50.
60.
90.
120.
150.
140,
210.
240.
270,
300.
$30.
360.
390.

TIME-MIN

1.
2.
3.
4.
5.
10.
15.
20.
25,
30.
40.
50,
60.
90.
120,
150,
180,
210,
240.
270.
300,
330,
360.
390,
420.
450,

Wi=105S

1,9
24,9
26,0
29.9
Ju.o
32.5
34,5
36,0
$7.9
38.5
40.V
41,9

WT-L0SS

18.¢

32-8

WT=LUSS/AREA

OOVENNOOOWVME WL GGNR -
e ® o o @ * o o © 4 o ® o = @

BBV LCLGLCRLLGOLNCNVT U

e s
IR Y E
SS o &
aNc

14,0

WT=-LOSS/AREA

OCR®NNN S 8o
® @ & & & ¢ © O & o o =
A0 CVURHPOITCPHRERERRHRCC

-
o
a &
-

12.¢

19,9

A 20

(WT=LUSS/AKEA)=50R

$.07
6,40
12.¢7
15.67
15.1%
21.82
27.61
3$9.77
41.2%
47,47
52.9y
62.44
68.74
89.47
108.089
13V.08
143./4
160.04
180,35
196.57
213.u8
€24.%59
24¢.43
258,45

(WT=-LOSS/AREA)=SQR

3.66
8.99
17.11
17.11
17.11
29%.1¢6
35.04
50.18
56.21
64,23
74.%0
B8.96
1U1.06
123.58
14/.06%
171.18
194.,9U
217.16
232.6/
248,71
278.98
285,84
S1U.bd
331,26
$52.¢Y
$71.97

Astronuclear
Laboratory

CANOVY &GN P

AR RIS = b s 0 ) s
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t50%,
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34-8

TiME=-MIN WT-L0SS WT=LUSS/AREA (WT=LOSS/AREA)~SQR
1. 4,4 1./ 2.94 1
2. 6.2 2./ 7.0% é
3. 8.9 3.0 12.92 K)
4. 9.0 3./ 18.5¢ 4
5. 9.9 3.y 15.V06 -

10, 12,V 4,9 24.V9 o
15. 14,9 5.0 S4.12 /
0. 17.¢ 7.0 4y, 3/ o
25. 19,V 7.0 60.¢4 y
30, 20,5 8.4 70.13 1V
40. 23.V 9.4 . 8b.27 11
50. 25,¢ 10,9 1Uv.9/ 12
60. 275 11.¢ 126.¢0 19
90. 33,V 13, i8t./¢ 14
120. $7.9 15,9 2384.066 1>
150. 41.> 17.u 287 .9y 10
160. 44,¢ 18.1 $eo.UV 1/
240. 49.0 ¢0.V 40y. 0% 1Yy
270, %1.¢ 20.9 437.44 v
3350, %5,V 22.9 504./8 ¢l
360. 26,V 2.9 %2390 P
390. »8.V 3./ 261.9% ¢4
420. 29.> 24, 590.76 2>
35-8

TIME=MIN WT=L05S WT«LOSS/AREA (WT=LOSS/