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FOREWORD

The work described herein was performed at the Astronuclear Laboratory of the Westinghouse
Electric Corporation under Navy Contract No. N62269-74-C-0289. This work is a con=
tinuing effort started under Navy Contract N00019-70-C-0148 and continued under Con-
tracts N00O19-71-C-0089, N00019-72-C-0132, and N62269-73-C-0361. Mr. |. Machlin
of the Naval Air Systems Command served as Program Consultant; Program supervision at
Westinghouse was by Mr, R. W. Buckman, Jr., Manager, Materials Science.

The author wishes to acknowledge additional personnel contributing to this program. These
are Mr. A, Filippi and Mr. J. Sundin for alloy fabrication; Mr. S. Laciak for metallography;
and Mr. H. Ebner for oxidation testing.

In addition, the author wishes to acknowledge work done by Mrs. Debra Meteney and Dr.
E. J. Fasciska of the Materials Consultants and Laboratories, Inc., Monroeville, Pa. for
their efforts in analyzing the large quantity of x-ray diffraction data.
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1.0 INTRODUCTION

An indepth analysis of over 50 x-ray diffraction patterns of oxides grown on niobium based
oxidation resistant alloys and an effort to fabricate Nb=Al-Co and Nb-Al-Fe alloys using
vaiious powder metallurgy and thermal~-mechanical processing techniques are discussed in

this final report for the Naval Air Development Center under Contract No. N62269-74-C-
0289.

The oxides analyzed were grown in air on niobium based alloys containing Cr, Ti, Al, Co,
Ni, and/or Fe in various amounts and compositions at temperatures between 800 and 1200°C.
The analysis of the x-ray diffraction patterns has shown the oxidation protection of these
alloys to be associated with a rutile (tetragonal) oxide of the form MNbO4 where M = Al,
Cr, Fe, and/or Co. In the most oxidation resistant alloys, a spinel related structure such

as CoAle4 (CoO-A|203) was detected,

In addition, the Nb-Co-Al and Nb-Fe-Al alloys, which were successfully fabricated during
this program, were oxidized in air at 1200°C to determine the effects of composition and
fabrication procedures on the oxidation rate. These alloys showed the most promise for oxidation
resistant applications because of the low oxidation rate and minimal subsurface interstitial
contamination noted during exposure to air. Two alloy compositions (73. 4Nb-15Fe-11, 6Al
and 80No-5. 6Co-13. 9Al) were processed by various powder metallurgy techniques from
elemental, intermetallic, ond arc-melted alloy powders by pressing and sintering, high im-
pact rate extrusion processes, and conventional extrusion processes. None of these techniques

produced suitable samples of the alloys for additional characterization.

This program was initiated under Contract No. N00019-70-C-0148(]) and continued under
Contract Nos. N00019-71-C-0089%), N00019-72-C-0132?), and N62269-73-C-0361 Y



to investigate the feasibility of modifying oxide structures to enhance oxidation protection

of elevated temperature structural materials.

Improvement of the oxidation resistance of Nb alloys has been the subject of many inves-
tigations. However, there have not been many detailed studies or characterizations of the
oxides which form on the more oxidation resistant alloys nor has there been much systematic
characterization of the structure of the oxides with composition of the riobium based alloys.
The approach to this program therefore has been primarily to investigate the structures of
the equilibrium oxides which form on oxidation resistant niobium based alloys and to attempt
to catagorize these oxide structures and compositions with the composition of the parent
metal alloys. Ideally one would like to improve oxidation resistance of a structural alloy

(M)

without altering its mechanical properties. Early in the program' ’, preoxidation treatments
to form protective oxides at elevated temperature and modifications to the oxide structure

by utilizing ultra-high pressures were studied. During Phases ”(2) and III(3), the diffusion
rates of oxygen through various oxides were measured to determine which alloying elements
added to Nb would form the most protective oxides. Then these alloy compositions were
fabricated and oxidized,and the structures of these oxides were determined and correlated
with the alloy compositions during Phase IV(4). The oxide structures associated with improved
oxidation performance of some niobium alloys and intermetallic compounds were identitied,

and the alloy compositions required to support these structures hove been investigoted.

1.1 PROGRAM SUMMARY

The Phase l(]) study has shown that high pressure high temperat:;re exposure of Nb205 pro-
duces a denser oxide phase which maintains its characteristics after quenching to room
temperature. However, the stability of the quenched phases and the transport properties
of the quenched phases could not be investigated. Pre-exposure of alloy B-1 (Cb-15Ti-
10W-10Ta=2Hf-3Al) in 20 Torr oxygen at 650°C resulted in a decrease in the subsequent
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oxidation rate in air at 1040°C when compared to untreated B-1 alloys. Another treatment
technique involved an exposure of the B=1 alloy to air at 1360°C for 1 hour. This improved
the oxidation resistance during exposure at 1204°C in air. These experiments have shown
that modification of the oxide structure is possible,

@)

During Phase 11"/, the study of the rate of oxygen transport through mixed niobates was
initiated. Themmogravimetric techniques were employed to determine weight changes in
the oxides as a function of the partial pressure of oxygen in a reacting gas mixture. Results
from this work indicated that mixed oxides of NbZOS-TiOz and Nb205-Hf02 would not
form protective oxide layers based on limiting the transport of oxygen through the scale and
protecting the parent metal, The NiO-Nb205 binary oxides exhibited a stoichiometric
behavior, i.e., no weight loss as a function of oxygen pressure until a partial pressure

equivalent to that of the dissociation pressure of NiO is reached. At that point, a reduction

reaction is apparently triggered, and large weight losses begin.

@

the type Nb(B)O4 where 8 = Cr, Al, or Fe were identified as being the primary oxide phase

As a result of efforts during Phase 1117, the rutile structure family for oxide compounds of

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 all-ys. Along with this oxide, small amounts
of either (B)ZO3 where B = Cr, Al, or Feora CoAI204 spinel in cobalt containing alloys
were detected. Oxygen transport rates through Nb203-Cr203, Nb205-Ti02, Nb205-
ZrOz, and N|3205-A|203 were also determined using thermogravimetric techniques. Of

the oxide compounds evaluated, only oxygen transport through Nb205-Cr203 was slow
enough to worrant its classification as a protective scale. In addition to oxidation rate data,
metallographi- studies and electron microprobe studies were conducted on the Nb intermetallic

compounds and alloys.



The Phase IV(4) study included a continuation of the oxygen transport rate measurements in
the binary niobate Nb205-C03O4 and the investigation of the oxidation kinetics and oxide
structure formed on 37 different Nb based alloys containing Co-Fe-Al-Cr-Ni-Y and/or
Y203. The experimental results, used to select the alloys to scale up for additional oxid-
ation behavior and mechanical studies, were the oxidation kinetics, the oxide

structure formed, and the depth of substrate contamination which resulted during oxidation.
These results indicate that certain Nb-Al-Fe and Nb-Co-Al alloys give good oxidation
behavior and that scales formed on these oxides become more protective as oxidation proceeds.

In addition, the substrate contamination of the alloys by oxygen is very low. The protective

oxide appears to be a rutile-type NbAIO4 oxide.

The final phase of the program has been devoted to achieving a better understanding of the
oxides responsible for the improved oxidation behavior of the Nb-Fe-Al and Nb-Co-Al
alloys and to the manufacturing of a suitable alloy for further evaluation. The results of the
characterization of the oxides have shown that a rutile MNbO4 structure where M = Fe, Al,

Cr, and/or Co is required to achieve good oxidation protection. Other oxides such as

CoA|204 spinels and M203 structures where M = Fe, Cr, and/or Al are also present
in many of these scales. The "Search" computer program from the Joint Committee on Powder

Diffraction Standards was utilized extensively in this effort.

Although various techniques have been attempted, the brittle nature of these alloys has
frustrated all attempts to fabricate anything but button melts. Attempts to extrude and con-

solidate 1 kg powdered billets produced unsatisfactory material.
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This program has lead to the identification of a class of oxides which provides improved
oxidation resistance on niobium alloys at 1200°C. Additional efforts can be made to deter-
mine the limits for the conditions under which the protective scales can be successfully
maintained in a high temperoture oxidizing environment. The limits of alloy composition,
additions of secondary getters and/or coating substrates which would support these structures
in a high temperature equilibrium environment should be determined. Additional phase
relationship data is required to evaluate the possibility of forming directional eutectic alloys

from some of these compositions with suitable mechanical and oxidation resistant properties.

This program has demonstrated the advantages of studying the oxide structure of alloys deemed
unsuitable for structural applications. The identification of the NbCrO (rutile) type scale
had been proposed by Mayo (5) based on dilatometric considerations; but because of the poor
mechanical properties of the alloys, work was not continued. A direction for future work

has been defined by this program with the recognition that the Nb-Al-Co and Nb-Al-Fe

systems possess both oxidation resistance and do not suffer greatly from substrate contamination.



2,0 ALLOY FABRICATION

Test rods of three oxidation resistant compositions were prepared by powder metallurgy
techniques, Processing involved blending powders of the alloying constituents and

effecting densification by cold isostatic pressing followed by extrusion and swaging.

Figure 1 is a summary of the fabrication sequence. The compositions examined were
80Nb-13. 9A1-5.6Co and 73. 4Nb-15Fe~11,6Al w/0). Both were prepared as rods by
processing blends of the elemental powders, [n addition, the Nb-Fe-Al alloy was also
processed to rod from a powder blend of 60Nb+15Fe+25NbAI3. A photograph displaying
the as-pressed state of the three powder metallurgy blends is given in Figure 2. A machined
pressing and extrusion can components and an assembled and welded extrusion billet are
shown in Figure 3. Typical extruded and swaged rods are shown in Figure 4. The oll metal
blends were extruded at room temperature and swaged at 538°C. Extrusion of the 60Nb-
15Fe-25NbA|3
to levels of 98 and 100 percent of theoretical were obtained, respectively, for the 73. 4Nb-
15Fe-11,6Al and 80. 5Nb-13. 9AI-5, 6Co blends. The density achieved for the 60Nb-15Fe-
25NbA|3 alloy was on the order of 90 percent of theoretical,

composition was performed at 558°C and swaging at 816°C. Densification

These alloys were prepared from powders, the characteristics of which are presented in
Table 1. The various powders were weighed, blended, and isostatically pressed into billets
at~30,000 psi. These billets were machined to fit inside the extrusion cans. After placing
the pressings inside the cans, the cans were welded shut and sealed. Extrusion was done
using a high deformation rate Dynapak extrusion press to achieve a 5:1 area reduction ratio.
Swaging was done on the extruded rod with the cladding still intact using a Fenn rotary

swager.
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a b c

73.4Nb-15Fe-11, 6Al 60Nb-1 5Fe-25NbA|3 80. 5Nb-13, 9A1-5. 6Co

I I J
Prepare Each by
Blending Powders

% Densification

l Blend o 90
Cold Isostatic Press
at ~30, 000 psi Blend b 80
Blend ¢ 91
Machine into
~1,25 in, dia. x 3 in. Long Pcs.
Hermetically Encapsulate
~1.75in. dia. x 4 in. long
Steel Extrusion Cans
Six Extrusion Billets
| !
Two Billets Each, Two Billets
Blends a and ¢ of Blend b
Extrude 5 to 1 Extrude 5 to ]
at Room Ten.perature at 538°C
Swaged 2 to 1 a 98% Dense Swaged 2 to 1
L] /C
at 538°C b 100% Dense at 816°C Rt
Swaged 2 to 1 Swaged 2 to 1
at 1093°C at 1093°C

Figure 1. A Summary of Fabrication Data
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qure 2. As-pressed Billets of the Three Experimental Blends
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Table 1. Powders Used for Test Alloys

e —

Element or Mesh Purity
Compound Size (%) Major Impurities (ppm)
Niobium -20 to 99.5 40C, 6700, 40N, 8 H, 100 Zr,
+270 50 Hf, 625 Ta, 50 Fe, 20 Al, 20 Mo,
50 Ti, 20 W
Iron -325 99.9 1000 C, 1000 Si, 1000 Mn, 100 Nj,
10 Cu, 10 Al, 10 Mg, 100 Mo
Cobalt =325 99.6 1130 Ni, 50 C, 180 S, 10 Cu, 30 Fe.
Niobium Aluminide -325 99 200 Ta, 500 Ti, 500 Fe, 10 Mn, 500 Si,
NbAI3 100 Ni, 100 V, trace - Cu, Cr, Sn,
Sb, Mg, W, Mo, Al, Zr, Co, aond B.
Aluminum =50 to 99.4 3000 Al,,O.,,, 1500 Fe, 700 Si
-325 2
_ —

11



The microstructures of as-extruded and as-swaged material are shown in Figure 5. Fab-
rication through extrusion produced microstructures composed of simple mechanical mixtures
of the alloying constituents. Some porosity was also apparent in the os-extruded 60Nb-15Fe-
25NbAI3 blend. Swaging at 538°C produced some intermetallic compound formation in the
Nb-Fe-Al and Nb-Fe-Co blends, with porosity also developing in the former material.
Swaging did not produce a significant change in the microstructure of the Nb-Fe-NbAI3
blend from that of the as-extruded state. (A difference in the amount of porosity apparent

in the microstructures shown for this material is believed due to differences in the amount

of intermetallic phase lost during metallographic preparation. )

Homogenization heat treatments were performed on sample coupons, as per the schedule in
Figure § of each material in a resistance heated vacuum furnace for 1 hour at 800, 1000,
and 1200°C. Major dimensional changes and cracking occurred in the heat treated coupons
of the two all-metal blends, presumably due to density changes associated with intermetallic
compound formation. Heat treatment of the 60Nb-15Fe-25NbA|3 material caused only a
slight change of dimensions. A pictorial documentation of the influence that thermal treat-
ment had on coupons of each blend is presented in Figure 7. The change of coupon diameter
is related to heat treatment temperature in Figure 8 for each study material and illustrates
the relative dimensional stability of the 60Nb-15Fe-25NbAI3 in comparison to the all-metal
blends. In addition, the dimension changes of the 60Nb-15Fe-25NbAI3 alloy heat treated
at 1200 and 1300°C for 6 hours are also shown in Figure 8. These data indicate little if any
further change resulting from sintering for longer time periods at higher temperatures for this

alloy.

Figure 9 (top) shows the microstructures of the 60Nb-15Fe-25NbA|3 alloy in the as-annealed
condition. The annealing socks were not effective in producing a homogeneous structure.

Much of the dark area is due to loss of material as a result of grinding and polishing.

12
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Before Heat Treatment 1 h/800°C 1 h/1000°C 1 h/1200°C

™ ¥

73.4Nb-15Fe-11_ 6A| & w'

-

Figure7.  The Influence of Heat Treatment on the Quality and
Dimensions of Each Study Blend. Major Increases in Dimensions

and Gross Cracking Developed in Both All-Metal Blends.
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Figure 8, Dimensional Changes Resulting from Thermal Treatment
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Figure 9.  The Effect of a 6 Hour Anneal and Subsequent
Oxidation on the Microstructure of the 60Nb-15Fe-25NbAI3 Alloy
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The volume change on forming intermetallic compounds, the inherent stability of these inter-
metallic compounds, and the possible formation of a protective oxide film on the separate
phases all contributed to preventing homogenization by interdiffusion. A subsequent 6 hour

anneal at 1400°C showed the same structure noted for the 1300°C anneal.

The exposed ends of a remaining length of the cladded extrusions were resealed, and alloys

a, b, ond ¢ were swaged at 1093°C. Test coupons were cut from these alloys and oxidized

in air at 1100, 1200, and 1275°C without a subsequent anneal. The microstructures of these
as-swaged samples are shown in Figure 10, Only the Nb~15Fe-11, 6 alloy pictured at the

top of Figure 10 appeared to achieve any degree of structural integrity. When compared to

the as-swaged microstructure in Figure 5 for this composition, the elevated temperature swaging
operation did reduce the areas where the intermetallic compounds formed. Because of the dif-
ficulties encountered with sintering after swaging, the alloys swaged at 1090°C were not given

an annealing treatment but were oxidized in air.

Success was achieved in forming these mixtures through the swaging operation. The swaged
alloys were machinable and were readily cut into oxidation test discs. However, homogen-

ization by annealing was not successful.

Although not all combinations of powder size, powder constitution, or processing temperatures
for forming homogeneous alloys from powder mixtures and homogenization by annealing have
been tried, it appears unlikely that these techniques would be suitable for forming these

alloys without further work on the effects of particle size and annealing temperature.

2,1  ARC-MELTING AND EXTRUSION

Continuing the effort to manufacture these alloys in a usable form, the alloy compositions

(Nb=-5, 6Co-13.9Al (ARC~1) and Nb-15Fe=11, 6Al (ARC=-2)) were arc melted, reduced to

18
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60Nb-15Fe-25NbAI3

80Nb-13. 9Fe-5. 6Co

Figure 10. The Longitudinal Microstructure of Each Experimental Blend after
Extrusion and Swaging at 1093°C (100X)
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powder, pressed into billets, and extruded by conventional extrusion practices on a press.

A trough melting furnace was used to melt the alloys from elemental metals. The alloys

were remelted several times by flipping the bars over in the trough after each melting pass.
These melts were then broken up by mortar and pestle to =10 mesh size and then ball milled
to =100 mesh. These powders were isostatically pressed into billets, similar to those shown

in Figure 2, at 50,000 psi. The first two billets were canned in molybdenum extrusion cans
and extruded at 1300°C. The sealed molybdenum extrusion can is shown in Figure 11.

The second two clloys were canned in 1018 steel extrusion cans of the same size and geometry
as the molybdenum cans. Table 2 summarizes the data characterizing all of the billets and
these extrusion parameters. Figures 12 and 13 show the as-extruded bar from the molybdenum
and steel clad systems, respectively. The alloys extruded in Mo achieved the area reduction
desired; however, the difference in the coefficient of thermal expansion between Mo and

the Nb alloys most likely caused the cracking and separation of the Nb alloy. Steel has

a larger coefficient of thermal expansion and should have eliminated the cracking and
separation problem. However, the steel can was extruded off of the pressed alloy billet

and ruptured, allowing oxidation of the Nb alloys and yielding no usable alloy for further

study.

Attempts to cut the alloy extruded in the molybdenum can were unsuccessful due to the brittle
nature of the alloy. Figure 14 shows the transverse macrostructure typical of the alloys extruded
in the molybdenum and 1018 steel cans. Figure 15 shows the 100X microstructures of the as-
extruded alloys. These structures confirm the consolidation achieved by extrusion in the Mo
cans and the porosity remaining because of the poor performance of the 1018 steel clad

exfrusion,

20



Astronuclear
Laboratory

@)

uoisnuyx3 04 Jolg Ao||y |¥9 " | [=24G |-qN Japmoday
PuD pajjaw=-24y Yiim pa| |14 uo) uoisniyx3 wnuapghjow v

"L 2nbyy

21




197 66-¥5
QU‘U.mmmbx
“utw g6
3,6262
19945 8101
16 "¢

6809

0P Ut R | x By Curg /oy

191 69-¢6
duDysisay
ulw 0g
4,52¢€2

19945 8101

"1911-26
oy anpuy
g
1,0092
winuapA oy
1:9¢°¢

WO

1611-101
uoyINpu)
utw (g
1,00v¢
wnuapgh joyy
(N ¥4

G009

abuny proy
2I0UINY

dur) qoog
Anoiadwa | 100G
[PHbY up)
OHDY UOIsIx

TON |1Y

] PR Lo B UG ] oip Ly ge g s o) gy e [ oap gy £peg kb 8 ¥ suorudwQ

bocu P 090 byeve b 8 gse oM

IV "1 [=94G |-qN IV6 "£1-9D9 °G-qN IVO L =24C -9 VO " =09 °G-qN uonsodwoy
v "ON 49))1g

f .Oz .-v— _ ..Q

ZON Y

I "ON 49'g

DJoQ uolisnuyxy *Z 3904




Astronuclear
Laboratory

®

uo) wnuapqh|ow ays Ut Aoy (G£09) |V-0D-GN PUD (9£09) |V-24-GN Papnuxa-sy °z| inbyy

@lﬁoﬁ..f T oque o4
. ’

AR ' f t N

23




19245 80| u! pauun) A
D 49|y (8809) 1V-°D-9N Pu© (6809) IV-2
=34-qN papnijxa=-s
'/

 V—

"g1 2nbly

24




Astronuclear
Laboratory

®

sup) uoysnuix3 13245 80| (q) puo wnuspghjon (o)
3y} ul sAo||y PapPNIIXa=Sy Y4 JO SOJOYJ CIdDY BsIdAsUDI| “p| unBly

up?) uoisniyxy |234S 8101 (9 upd) uoIsNIyx] E:cu3>_o<< (o)

_ 1R3|INUD ISy \d¥e

HREnn | el

25



o LT T L e

Extrusion No. 6075 Extrusion No. 6076
Nb-5.6Co-13. %Al Nb-15Fe-11, 6Al

(@) Extrusions with Molybdenum Can

> .{h‘ : : iy
4 Wl = g o T

' { ; e

a i-l A "

Extrusion No. 6088 Extrusion No. 6089
Nb-5.6Co-13. %Al Nb-15Fe-11. 6Al

(b) Extrusions with 1018 Steel Can

Figure 15. Transverse Microstructure of the As—extruded Billets (100X)
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3.0 OXIDATION EVALUATION

The oxidation evaluation of th~ swaged alloys has shown that an oxide can be formed at
elevated temperatures (~1275°C) which is much more protective at 1100°C than scales formed
by oxidation at 1100°C. In addition, the annealing treatments for these alloys had less effect

on subsequent oxidation behavior than did the oxidation temperature.

The oxidation apparatus and procedure is as described in a previous reporf(2 ). All alloys

were oxidized in air. Because of the non-homogeneous nature of these alloys, the purpose
of the oxidation study was to determine the effects of temperature on the formation of a pro-
tective scale for this series of compositions. Rate constants were not determined for these

tests because of the inability to determine the surface areas actually in contact with the
oxidizing environment. Approximate rates in mils of metal consumption per 100 hours is

given; however, these rates are affected grossly by the nonhomogeneous surfaces.

Figures 16 and 17 show the weight gains as a function of time for the Nb-lSFe-25NbAI3
alloy. Figure 16 compares the oxidation rate at 1100 and 1200°C after a 6 hour anneal at
1300°C. The oxidation rate at 1200°C is initially faster than that measured at 1100°C for
several minutes, then the rate abruptly changes, This change in rate indicates the

formation of a protective film or oxide. Figure 17 shows the effects of a 1 hour anneal at
IOOOOC,and a 1 hour anneal at 1200°C on the 1000°C oxidation rate. In this case, the higher
temperature anneal resulted in improved oxidation behavior. The two lower curves show that
for a 6 hour anneal at 1200°C, the lower oxidation rate occurs at the highest temperature,

The other two alloys could not be sintered by annealing as described earlier, As the
oxidation temperature increases, the rate of formation of the protective scales increases, and

the oxidation rate decreases.

Figures 18, 19, and 20 describe the effects of oxidation temperature on the oxidation rate

for the Nb-15Fe-11, 6Al, Nb-15Fe-25NbAl,, and Nb-5.6Co-13. 9Al alloys, respectively,
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after the 1090°C swaging with no annealing treatment. Figure 18 shows that the oxidation
rate at 1200°C is lower than that at 1100 and 1000°C. The effect of a 1275°C pretreatment
for 86 minutes before a 1100°C oxidation run significantly improves the 1100°C oxidation
behavior. Figures 19 and 20 show this same behavior, with the exception that the 1275°C
preoxidation treatment affords a significant improvement in 1100°C oxidation kinetics for

the Co containing alloy.

Figures 21 through 23 show the microstructures of these various alloys after the oxidation
exposures indicated. Much of the area shown unfortunately contains large voids where the

brittle phases have been removed during sample preparation.

These results indicate that for many alloys, an oxidation pretreatment step is required to

form a protective film at a rate which is fast enough to use a minimum of matrix material.
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25675 25678
1000°C - 40 minutes 1100°C - 140 minutes

25681
1200°C - 180 minutes 1275°C - 86 minutes then
11007C - 96 minutes

Figure 21. Longitudinal Microstructures of the Nb-15Fe-11. 6Al Alloy After Swaging
at 1093°C and Oxidation at the Temperatures and Times Indicated (100X)
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1100 C - 71 minutes

1200°C - 195 minutes

1275°C - 40 minutes
1105°C - 178 minutes

Figure 22. Longitudinal Microstructures of the Nb-15Fe-25NbAl; Alloy After Swaging
at 1093°C and Oxidation at the Temperatures and Times Indicated (100X)
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1100°C - 47 minutes

lZOOOC - 89 minutes

Figure 23. Longitudinal Microstructure of the Nb=13, 9Al-5. 6Co Alloy After Swaging
at 1093°C and Oxidation at the Times and Temperatures Indicated (100X)

36



&

LY

Astronuclear
Laboratory

4,0 OXIDE STRUCTURES

Many x-ray diffraction pattems have been made during the several phases of this study,
dating back to 1971, Annually ASTM updates its file of ASTM Powder Diffraction Standards.
Oxide phases grown on the B-1 olloy(s), the Solar o||oys(3), and the Nb-Co-Al, Nb-Fe-Al,
Nb-Cr, and other alloys investigated during Phase IV(4), were identified based on the ASTM
Powder Diffraction Standards available during the respective reporting periods. Table 7,
pages 54 and 55 in Reference 4 , list many lines which were not indexed when that report
was written. To make full use of the data generated during this entire program and to

further define the structures responsible for oxidation protection, these films were reanalyzed.

The powder films were read twice using a suitable interatomic spacing template. If the D
spacing pairs were in agreement, an average was taken, and the new values were used for
indexing. When disagreement in the readings was found, a third reading was taken to resolve
the discrepancy, The relative intensities were also estimated visually during each reading
and recorded. The relative intensities were normalized by using an intensity of 100 for the

strongest Bragg reflection.

The data were then screened for K-beta reflections and tungsten and iron radiation reflections
that may have been present from possible x-ray tube contamination. The corrected averaged
data were then key punched onto IBM cards in the standard format of the "Search" program

of the Joint Committee on Powder Diffraction Standards (JCPDS) Program. This data is
compiled in Appendix A,

The films were then arranged into groups based upon similarities in the patterns. Several
diffraction pattems from each group were analyzed by computer using the JCPDS Search
Program (about two dozen total). The bulk of the patterns was analyzed using a microfiche

powder diffraction system containing card sets up to set 24 (the latest available).
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The results reported here account for all the major and significant phases in the crystalline
fraction of the oxides analyzed. In some instances, a few weak or very weak reflections
remained after the analysis was terminated. However, we feel as though these unindexed

reflections correspond to phases representing a very small volume fraction of the total sample.

It should also be emphasized that many of these patterns are very complex, representing
mixtures of oxides. The results reported here are often based on subtle differences between
diffraction patterns of phases having similar atomic packing arrangements. The diffraction
data were further complicated by the presence of solid solutions in many of the phases

present.

4,1 ALLOY SYSTEM Nb-15Ti-10W-10Ta-2Hf-3Al (B-1 ALLOY)
(6)

This alloy developed by WANL is a ductile moderately oxidation resistant clloy Severnl

examples of improved oxidation resistance resulting from oxidation first ot 1300°F for 1 hour

©)

have been reported The four films of the oxides grown on alloy B-1 are virtually identical

and appear, at first glance, to have diffraction data compatible with the rutile structure. More
careful analysis of the patterns, however, indicated that more complex structures were in

fact present.

All of the oxides contained szOs-TiO2 (9-229) ond szTiO7 (9-258) as the predominant
phases. Another phase, Nb3oWO78, was present in moderate quantities, while traces of
AITaO4 (12-0407), TiOz, HszO8 (21-363), and A|203-9Nb205 (16-545) were detected.
These results are summarized in Table 3. The parabolic rate constant measured for the B-1
alloy can be expressed by the equation 2)

48,100 29, 500

RT ) mgz/cm4-min.

. (4.26 +1.65)x 107 -+ exp (
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The last two entries on Table 3 present the oxide structures of arc-melted oxides used during
Phases |1 and IlI @3) for oxygen diffusion rate measurements. Film 5911 shows the szTiO7
(9-258) phase as predominant in the as-melted, stoichiometric szos-noz oxide. This is
also one of the two predominant phases present in the B-1 alloy oxide scales. Film 5703
identifies the phases in the same oxide, now sub=stoichiometric 'l'iOz-NbZO5 after an oxygen
diffusion rate determination at 1175°C at a Pop = 10-]4 atm, The effect of removing oxygen

from the oxide melt has a decided effect on the oxide phases of the mixture.

4.2 NIOBIUM-ALUMINUM SYSTEM

Three niobium-aluminum intermetallic compositions (NbA|3, Nb2A|, and Nb3A|, were
melted and oxidized( 3). Although NbAlO‘1 (14-494) was common to all of the oxides, only
NbAl3 exhibited low oxidation rates. Berkowitz!”) and others have demonstrated that

the u-A|203 (10-173) film is responsible for the improved oxidation resistance of this inter-
metallic. The Nb2A| and Nb3A| exhibited significant quantites of the oxides - A|203-
25Nb205 (16-546) and A|203-9Nb205 (16-545) but no A|203. The results of the analysis

of the oxides of the niobium-aluminum intermetallics is shown in Table 4.

4.3 NIOBIUM-CHROMIUM SYSTEM

Table 5 lists the oxides formed on various niobium-chromium alloys. The phase CrNbO4
(20-311) was the major phase found .a all of the oxides, whether they were formed on arc-
melted or pressed and sintered alloys. Alloy 12-B exhibited good oxidation resistance with
a parabolic oxidation constant of 0. 25 mgz/cm4-min at 1200°C. The NbCr., intermetallic
oxidized giving a parabolic rate constant of 0. 18 mgz/cm4-min at IZOOOCM%. The oxide on
the NbCr2 intermetallic contained a Cr203 (6-0504) phase while the oxide on Alloy 12-B
was almost pure CrNbO4 with but a trace of (Fe,Cr)Nb206 (8-181) (no Fe present in the

system). One other phase in some of the oxides, NbOz, is associated with the lower chromium
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Table 5. Oxides Formed on Nb-Cr Alloy

Starting
Film Elemental Mat'ls, & Oxidation
No. Composition Treatment Conditions Oxidation Products
5721 - NbCr2 1200°C S - CrNbO4 (20-311)
14 hrs.
M - Cr203 (6-0504)
B-1-A Nb-18Cr Nb-NbCr 1200°C ) - CrNbO4 (20-311)
Pressed -
- 0.
and Sintered 2 NS (am:ki)
1-8 Nb-18Cr Nb-NbCr 1200°C S - CrNb04 (20-311)
Arc -melted 7 hrs. s _ Nb02 (19-859)
5-A Nb=-22Cr Nb=NbCr,=Cr 1200°C s - -
Pressed -
ond Sintered L b CrNbO4 (o=l
T - Nb]2029 (16-734)
5-8 Nb-22Cr Nb-NbCr.,, -Cr 1200°C s - -
Arc-melted 7 hrs. M _ CrNbO4 20-311)
M - NbO2 (19-859)
T - Nb,zo” (16-734)
12-A Nb-31Cr Nb-NbCrz-Cr 1200°C S - CrNbO4 (20-311)
Pressed and -
Sintered 5 - Nb02 (et
12-(B) Nb-31Cr Nb-NbCr,-Cr 1200°C S - CrNbO4 (20-311)
Arc -melted 7 hrs, T - (Cr, Fe)szoé (8-181)
(no iron present)
5704 Nb-Cr-O szos-Cr203 As-melted S = CrNbO4 (20-311)
T - NbO2 (19-859)
Nb‘2029 (16-734)
5910 Nb-Cr-O Nb,O_.-Cr, O 1175°C S -  CrNbO, (20-311)
A 2— 5lfd2 J = 10714 at 4
fezmete Po, = Il W - (Cr,FelNb,O, (8-181)
{no iron present)
S Strong M - Medium w Weak T - Trace
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content. Even in Alloy 12-A the NbO2 phase was found. This, however, most likely,
results from a lack of homogenization of the alloying constituents during the sintering
operation. As with NbAI3 discussed previously, the M203-MNbO4 phases together

where M = Al and Cr in this case, are associated with good oxidation behavior.

Oxide phases in the NbZOS-Cr203 oxide mixtures used for oxygen diffusion studies during
Phases Il and 11l are described at the bottom of Table 5. The stoichiometric oxide (5704)

had some NbO2 phases present in the oxide. The reduced (sub=stoichiometric) oxide, how-
ever, had only the NbCrO4 (rutile) and (Cr, Fe) Nb206 phases present. These results along
with the results present in Table 3 for the szos-Ti O2 oxides serve to illustrate the complex
nature of these oxides. With an oxygen partial pressure gradient existing across an oxide

scale, a number of sub=stoichiometric phases could be present in these oxide scales.

4.4 Nb-Ti-Cr-Al-(V) SYSTEMS

These series of alloys represent another family of ductile, oxidation resistant alloys developed
for use as a matrix material for a W-Re fiber reinforced composife(8 ). The Solar-J alloy
and Solar B=IV alloys are similar in composition except that the J alloy contained 9Cr and

no vanadium, and the B-IV alloy contained 4Cr and 1V. Both alloys were oxidized as thin
sheet samples. As a result, after oxidation, the entire sample was ground for x-ray powder

anolysis(3).

In every oxide mixture sample of this system a major phase compatible with the rutile structure
was detected. Care should be taken in using these results since when elemental Nb is present
from the matrix, the volume fraction of the oxide phases is reduced. The relative amounts

of the remaining phases after subtracting the Nb contribution to the pattern indicate the true

oxide concentrations,
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It should also be emphasized that the structures of TiO2 and CrNbO4 are identical and con-
sequently their respective diffraction patterns are very similar; therefore it is very difficult
to unambiguously determine which specific compounds are present. Further, soiid solutions
in these compounds affect the diffraction pattems in unknown manners. However, subtle
differences do exist between the diffraction patterns of these compounds, and it was these

differences that were used to distinguish between the rutile compounds.
The NbCr2 phase, in general, can be expected as an oxidation product in this system.

Nb205' Ti02 is also formed ot minor concentrations as an oxidation product, but not con-

sistently.

Table 6 lists phases identified in the oxide grown on these alloys at 1000 and 1200°C.
Electron beam microprobe work( 3) has shown coincident Cr-Ti peak in the oxide indicating
that both Cr and Ti are in the rutile structure designated as TiO2 and/or CrNbO 4 In
addition, the Cr and Al atoms could occupy the same lattice sites, since the microprobe
data indiccte that both Cr and Al are concentrated in the same area close to the air-oxide
interface. Both of these elements are apparently oxidized during the initial stages of

oxidation.

There was a distinct difference between the oxidation behavior of the J-alloy and B-1V

alloy( 3 ).

The J-alloy oxidized at a slower rate. Based on the phases present in the oxides
for both systems, it is difficult to determine why the J-alloy should oxidize at a lower rate.
The TiO2 (21-1276) structure and the solid solution (Al, Cr)NbO4 are difficult to separate

by x-ray diffraction studies,and it appears that the subtle difference in the chromium content
of the alloy must be respensible for the enhanced oxidation behavior. The phase Nb205-Ti02
(9-258) was evident in three of the four B-IV scales and in only one J-alloy scale. The

effect of Cr on stability of this phase could possibly be the factor which improves the

oxidation resistance.
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Table 6. Oxides Formed on Nb=Cr-Ti-Al-(V) Alloy

Sample Film Oxidation
No. No. Elemental Ccmposition Conditions Oxidation Products
B-1V 5711 Nb-42Ti-4Cr-4A1-1V 1000°C S - Nb(Ti) (16-1)
Solar 4 hrs. W - Tio, (21-1276)
T - NbCr, (5-0701)
CrNbO, (20-311)
B-IV 5712 Nb-42Ti -4Cr-4Al-1V 1000°C S - Nb(Ti) (16-1)
Solar 1o, 5 - T, 21-1276)
s - TO, (20-311)
W - NbCr, (5-0701)
Nb,O,- TiO, (9-258)
B-1V 5713 Nb-42Ti-4Cr~4A1-1V 1200°C S - Nb(Ti) (16-1)
Solar 4 brs. s - TiO, (12-1276)
W = NbyOTiO, (9-258)
T - NbCr, (5-0701)
B-IV 5714 Nb-42Ti-4Cr-4Al-1V 1200°C S - TiO, (21-1276)
Solar 16 hrs, M- Nb(Ti) (16-1)
M - NbyO. TiO, (7-258)
W - NbCr, (5-0701)
J 5715 Nb-40Ti-9Cr-4Al 1200°C S - Nb(Ti ) (16-1)
Solar 16 hrs. M- Ti02 (21-1276)
M - CINbO, (20-311)
M - NbCr, (5-0701)
J 5716 Nb-40Ti-9Cr-4Al 1200°C S - TO, (21-1276)
Sl L S - Nb(Ti) (16-1)
T - NbCr, (5-0701)
J 5717 Nb-40Ti=9Cr-4Al 1000°C S - NbiTH (16-1)
‘ :
eely L ik W - NbCr, (5-0701)
Wo- o TiO, (21-1276)
szOS- Ti02 (9-258)
T - CNbO, (20-311)
J 5718 Nb-40To-9Cr-4Al 1000°C S - Nb(TH (16-1)
Solor 4 brs. Wo- o TiC, 21-1276)
W= TiO, (20-311)
T - NbCr, (5-0701)
S Strong FA Medium W Weak T  Trace
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4,5 Nb-Fe-Al SYSTEM

Both the Nb-Fe~Al and the Nb-Co-Al alloys are worth consideration because of minimal
surface contamination of the parent metal noted during oxidation. This section will deal
with the oxide structures grown on the Nb-Fe-Al alloy. Table 7 lists the oxide phases formed

on the various Nb~Fe -Al alloys.

The diffraction pattems of all of the oxide mixtures examined in this system, i.e., samples
DuU-4, 15-B, 15-C, 16-A, 16-B, 16-C, 14-B, 11-A, and 11-B, except for sample 16-A,
contain a major phase of AINI':aO4 (14-494), The diffraction pottemn of sample 16-A is

compatible (major phase) with the structure of A|25Fe25Nb50 (23-1008). During sampling

some of the alloy could have been mixed with the oxide.

The FerO4 phase formed appears to be a direct function of iron content and does not appear

to be dependent on whether the iron was added elementally or as NbFez.

Either gamma Fe203 or a mixture of alpha Fe203 and Fe304 are present in every sample ot
levels ranging from trace to minor amounts. It should be emphasized that gamma Fe203
(maghemite) and Fe30 4 (magnetite) have overlapping diffraction potterns. Further, the
patterns of all the iron oxides have severe interferences with the other oxidation products
identified here. Therefore, the iron-oxide results r ported here should be treated with some

caution. However, these reported results "best" fit the diffraction data.

The compound A|203' 9Nb205 cannot be generally associated with the oxidation products
of this system. Very specific conditions are probably required for its formation. The only
alloy in which this phase is present is in the pressed and sintored alloy 11-A and most

likely resulted from the oxidation of the individual intermetallic compounds in the unhomo-

genized alloy.



Table 7. Oxide Formed on Nb-Al-Fe Alloys

Starting
Film Elemental Mat'ls, & Oxidation
No. Composition Treatment Conditiom Onidation Products
5738 Nb-10Fe=19Al Nb-Fe-Al 1200°C S - AINbO‘ (14-494)
28RN W= mixtue of Fe 0, (11-614)
alpho Fe203 (13-534)
15-(8) Nb-30Fe-10A1 Nb-Al-Fe 1200°C S - AINDO, (14-494)
Arc ~melted 7 hns, M- FeNhO‘ (16-358)
T - gamma F¢203 (156151
T - FeNhO‘ (16-374)
15-C Nb-30Fe -1 0Al Nb-Al-Fe 1200°C S - AINBO, (14-494)
Atc melted Hlns Mo« FeNbO, (16-358)
gammeo Fe203 (15615
T - FerO‘ (16-374)
16-A Nb-15Fe-12A1 NE-NbAI, -Fe 1200°C s - -
Grd
Pressed ond sintared e Al25F'?5NhSO (2821008
W gomma Fe203 (15615
-Ale”02° 122-9-
FerOl 16-374;
AINhO4 (14-494:-t3t ile-1
16-8. Nb-15Fe-12Al Nh-NbAlz-Fe 1200°C S - A‘NhO4 114-494)
Rl Wo- FeNbC, 1161581
V- AI?CE‘ QNHZO5
- "
T gamma fe203 5615
16-C Nb-15Fe=12Al it «NELALL -Fe IQOODC S o AINEC , (14-494
Arc -melted 24 hny 4
. Voo- FeNhO.l 16-358
T - gummofegog 15615
T - FeNhD4 (6=3744
t4-18, Nb-16Fe -10Al tib-NbFe, -A! 1200°C S - AINLO, 114494
Lresrelied Y W= olphafe,Cy 1353
I - FeNFf‘d (16-374:
1 Q »‘A‘NQHFPQ 209
[RRY Y Nt-13 7Fe-11,6A! Nb=-NGA | -NhFez 1200°C S - lUNb(»4 14-4%4
Pressed nd sinterad | 6,3 hrs M- ALLC . 9ONLC . t16-545.
273 275
T - qnmmo-F”(‘A( 124-81
11-iB¢ NL=13 TFe-11 64l tit-tLALL -Nt;Fez 1200°C S - A¥Nk(“4- 14-494
Arc ~melted 7 hrs. Y gamma Fe?(‘1 15615,
- Fefll~C4 16=358 =« orthorhamt ic
T o reNk:OA 116374 = mannc linic
5748 - Hibe, 1200°¢C 50 imivture -
’ feNhC“1 16-3571 - tetragonal **
FeNl.C}4 (14-374 = monac linic ***
FeNt-O4 116-358) = ortharbamtbic **
FeNi (‘4 15-59
[ S Fe2(\] 24-7?
Fts?O3 (11-574,
5735 it -20F e -15Ti-58 ti-Fe-Ti-8 1200%¢ 5 - N
At -melted 19 he woo- O T (R
2N ’
ST g M Mediun f eak T Tice

. Miature

. High Terper iture Disndder

tasa Terpeatre Disorae:
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The NbAIO4 phase is expected to form on these alloys. The relative composition of elements
such as Ni, Co, and Fe are increased at the oxide metal interfaces because they are more
stable relative to Nb and Al with respect to oxygen(3). This then changes the relative
activities of the alloying elements in the alloy, which affects both the solubility of oxygen

into the surface (substrate contamination) and the oxide composition.

4.6 Nb-Co-Al

Table 8 describes the oxides formed on the Nb-Co-Al alloys. In general, a mixture of
AINbO4 and Al203- 9Nb205 can be expected to form as oxidation products in this system.
For several compositions, namely, 21-A and 25-A where the aluminum concentration wos low,
the phase AINb] 1029 forms at the expense of the aluminum niobate. In addition, minor
and trace phases of CoNbO4, CoOA|203, Nb]2029, and AINb49O]24 were formed, This
would indicate very strongly that the amount of aluminum in these alloys must exceed 4 per-
cent. Composition 18-A with 9 w/o aluminum does form AleO‘4 when oxidized, although
the x-pattern was somewhat diffused. The only other cases where AINbO4 did not form
were on the pressed and sintered alloys 17-A, 19-A, and 24-A, These pressed and sintered
alloys were not homogeneous, and the various phases from which they were made oxidized

individually. All of the arc-melted Nb-Co-Al compositions formed the AINbO4 phase

during oxidation in air.

4,7 Nb-Al-Cr-(Co,Ni) SYSTEMS

The CrNbO4 (20-311) structure is present and predominant in all of the arc~-melted alloys
shown on Table 9. The oxide formed on the pressed and sintered alloy 22-A did not give a
diffraction pattem indicative of a well formed oxide structure, indicating that the oxide

structure is dependent on the alloy constitution.
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Table 8. Oxide Phases Grown on the Nb~Al-Co-(Y) Alloy

Astronuclear
Laboratory

Starting
Film Elemento! Mat'ls, & Onxidation
No. Composition Treatment Conditions Oxidation Products
13-A Nb-12A1-10Co Nb-NbAla-Co 1200°C S - AINbOA 14-494)
Pressed and sintered 7 hrs, M- ""203' 9Nb205 116-545)
w - Nb205 18-917, 18-910)
T - MNbA?OIN 22-11)
T - (Fe,CoiNhO4 (16-358:
(no iron present)
13-8 NE-12A1-10Co Nb-NbAI,=Co 1200°C S - AINDO, (M-494)
JArc =melted 7 hrs, , ~
Woo- Ale3 9Nh205 (16-545)
T - 1Fe,Ct:>)NbO4 116-3581
(no iron present}
17-A Nb=15A1-15Co Nb-Al-Co 1200°C S - ALD, ING,C, (16-545)
Pressed and sintered 6 hrs, M o AleCd 14-4941
T -  CoC (9-418)
T - Nl,]2C29 (16-734,
T <« (Fe, Co\Nde 116-358
{no iron present}
17-C Nb-15A1-15Co Nt -A1-Co 1200°C S - AINLO, (14-494)
Arc -melted 24 hry, o , -
W= A|203 9Nb205 116-545,
18-A Nb-9Al-11Co Nb-NbAl, -NbCo 1200°C s - -
Pressed ond sintered 8 hrs. M- AleC‘4 (14-494)
W= AI2OJ‘?NbZC5 116-545)
Woo- A|2O3 116-435)
W= NbAl? 118-13
T - CoQ (9-402)
19-A Ne-10A1-11Co Nb-a1-NLCo 1200°C S - A|203' 9Nh205 116-545)
Pressed nnd sintered 8 hrs. M o AlNi>C4 (14-494)
T - CoC 19-402)
T - lfn;n,C::INLC.1 16158
ing iron presert
'9- 8 Nt -10A1-11Co Nb-& -MLCo 1200°C S - ANEC, l4-494
Arc -me ted 7 brs. y
M- A 7C] 9Nb2C5 16-545
T - 1Fe,Co)NhOA t6-158"
ho iron present
19-C Nk-10A1-11Co Nb-Al-NE.Co 1200°C S - AINEO, (14-494)
Arc -melted 24 hrs .
&= A ?(“3' 9Nb2C5 16-545
T - |Fe,Co\Nb04 16-358
no iron present
20-A NE-7A1-8Co Nb-NbAIJ-NbCo 1200°C S - A';Oq' °Nb7(‘5 16-545:
Pressed ond sintered 4 hey, T AINbCA 14-494
T - AFQICo»NI,(‘A 1¢-158
ing iron present
21-a Nb-2A1-8Co Nb=NLALNI Co 1200°C S - AN O, 220
Pressed “ind sirtered 121 2 hrs, M- AL~ Qr:ll O, l6-54s.
2 j
Sm AINBC 142408
T - Fe,(olNLC\“ ie-158
(no iron present)
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Table 8 (Continued)

Starting
Film Elemental Mat'ls, & Oxidation
No. Composition Treatment Conditions Onxidation Products
24-A Nb-14A1-6Co Nb-NbAl,~-NbCo 1200°C S - AI203-9Nb205 116-545)
Pres.2d and sintered - W - AINbO4 (14-494)
T -  Nb 16-001)
CoQ 9-402)
248 Nb-14A1-6Co Nb=NbAl-NbCo,, 1200°C S - AINBO, (14-494)
Arc -melted 7 hrs,
M - AI?O3 ‘}'Nb2o5 16-545)
24-C Nb-14A1-6Co Nb-NbAl3-NbCo, | 1200°C S - AINBO, (14-494)
Arc-melted 24 hrs, M - ALO.-9NL.O. (16-545
275 275
T - (Fe,Co)NbO4 16-358)
ino iron present)
25-4 Nb-4Al-17Co Nb -NbAIL,-NbCo, 1200°C S - AINB, Gy 22-9)
Pressed and sintered M = ALO.-9NL.O. (16-545,
273 275
W o= l\|NbC4 (14-494)
T - lFe,CohNbO4 16-358)
ino iron present)
26-A Nb-11Al-10Co-2Y | Nb-NbAl,-Co-Y 1200°C S - AINBC, (14-494)
Pressed and sintered - X
W= A!203 Nb205 116-545)
27-A NE=11A1-10C0-2Y,C, | Nb-NtAly=Co-Y,Cy | 1200°C S - AINBC, (14-494)
S - AIZC3'9Nh205 116-545)
23-A Nb -7A1-8Co-4Ni Pressed ond sintered 1200°C S - A|203' 9Nb2C5 116-5451
(Grd ) 7 hrs. _ AIN&:04t|4-4941
W= N!)Oz 17-717}
9-8 - Nb 05-C0304 As-melted S - CoCr szos (§-181)
sl M - Co,0., 2-770)
273
10-8 - Nb,O_ -Co,C.. As-melted S - Co,Np,C, (13-464)
Arcz-mghedz J 42 ,9
M- CoNbC‘1 23-1480:
5745 - NbCo 1200°C S = NbyCo,O (13-464)
Arc-melted 4 hrs. . .
S*imixture ! ~
Nb(Co, Fe)O4 (16-358)
Nb(Co,Fe»O‘1 16-374)
Nlr(Co,FeDOd i15-19)
no iron present)
S Strong N Medium N Vieak T Trace
> PMixture
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With the exception of film No. 5742, the A|NbO4 phase (14-494) was also identified in
the oxide scale. Film 5742 showed a strong spinel phase CoA|204 (10-458) in addition to
the CrNbO4 (20-311) phase. The A|203-9Nb205 phase is present in both 22-A and 22-B,
The oxides grown on the NbNi intermetallic compound (fi!m 5720) are shown with this
series of alloys. The addition of chromium and aluminum to the Nb-Ni mixture stabilized
the rutile phase AINbO4 and CrNbO4 at the expense of the NiszO6 columbite phases.
In fact, Ni reacts as a noble metal in these systems and is rejected back into the metallic

substrate where it apporently changes the elemental activities at the alioy substrate.
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5.0 DISCUSSION OF RESULTS

The analyses of the x-ray diffraction patterns have definitely established the rutile oxide
phase NbMO4, where M = Al, Cr, Fe, and/or Ni, as the scale formed on these

oxidation resistant niobium alloys. The most oxidation resistant alloys or compounds
evaluated, NbAI3 and the Nb-19Cr-10A1-15Co (DU-1) alloy also had A|203 and CoAl204
phases in their oxide scales. The iron based oxidation resistant alloys, 14 (73, 6Nb-10A]-
16. 4Fe); 15 (60Nb-10A1-30Fe); and 16 (73.4Nb-11,6Al-15Fe) had AINbO4 and FerO4
and either alpha-Fe203 (hematite) or gomma-Fe203 (maghemite) present in the oxide scale.
The FerO4 (16-374) shown on Table 7 is the low temperature phase which is formed on

cooling at about 1085°C from the FerO4 (16-358) high temperature phase.

According to Goldschmidt(9), the evolution of the hemitites (M203) is closely linked, for
some of the transition metals,to that of the spinels. The Fe304 =Fe*to: Fe2+++03) is
considered to be the most prominent example of this behavior. The CoA|204 spinel phase
'n the Nb=19Cr-10Al-15Co (DU-1) alloy and the MC. M203 spinel class could be inter-
related. Defects in the spinel structure such as metal and oxygen vacancy sites are
common. Occurrence of gamma-FepO3 and gamma-AlgO3, still of the spinel types,

are examples of how far this defect lattice can extend. Within this framework then,

the NbAl3, DU-1, and Nb-Fe-Al alloys can be classed as a family of alloys which

form a rutile=spinel oxide system as a protective scale. On considering the Nb-Co-Al
alloys, Goldschmidt(?) states that the Co30, spinel is the last stable spinel along the
First Long Period. This spinel Coq04 becomes unstable ot elevated temperatures. As
one moves farther along the First Long Period to Ni, no Ni type "NiO5" spinel can

exist.
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Examining the scales formed on the Nb-Co-Al alloys, even in the most oxidation resistant
alloys of this family 80. SNb-13, 9Al-5, 6Co (24), 90Nb-15A!1-15Co (17), and 78. 8Nb-
10A1-11,2Co(19)none of the spinel type oxides were present as expected from the preceding
discussion, Only the AleO4 (14-494) and A|203-9Nb205 (16-542) phases were found

in the oxides in any significant concentrations. Traces of CoNbO4 were found in some of

the oxides, this being isostructural with FerO4 (16-358),

The nonexistence of the Ni spinel types noted above are consistent with the oxide phases
reported for some of these alloys containing nickel. Only the rutile NbCrO4 and AINbO4

phases were detected in the oxides (see Table 9).

Formation of more protective oxides by an initial oxidation exposure at temperatures of 1300°C
which aid in the development of a stable, protective phase before excessive metal con-
sumption is realized, has been illustrated during this program. However, this technique

is applicable only for phases which do not exhibit phase transformation as a function of
temperature. This is possibly why the No-Fe~Al alloys did not respond as well to pre-
treatment as did the Nb-Al-Co alloys. According to the ASTM x=ray diffraction files, a
phase transformation for FerO4 occurs at approximately 1085-1100°C.

(

Stringer 10) has cautioned that oxidation rates for Nb based alloys do not necessarily in-
crease with temperature. This has been shown to be the case in this program. For any

alloy system, the oxide phases responsible for oxidation protection should be determined, its
stability with respect to temperature should be investigated, and temperature at which it shows
rapid formation rate kinetics should be determined. It appears that in many instances, a
protective oxide, formed quickly at an elevated temperature,which is stable ot a lower

temperature, will afford the oxidation protection required for specific applications of these

alloys.
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Attempts to fabricate 1 kg samples of several Nb-Fe-Al and Nb-Co~Al alloys proved
unsuccessful. Recommendations for other alloy additions, which would provide the desired
protective scales while increasing the fabricability of the alloys, are difficult because of no
suitable phase relationship information. However, based on its ability to form the rutile
structure in the oxide phase for the Solar and B-1 alloys (Tables 3 and 6) and the ductility
of these alloys containing Ti, some possible combination of Nb-Ti-(Fe, Co)‘ Al might be
advantageous. Alloys containing chromium are susceptible to internal oxidation ® 4).

The studies during this program have shown that Fe and Co containing alloys do not exhibit
a large degree of metal contamination during oxidation exposure, most likely due to the
increased Fe and Co concentration at the metal-oxide interface resulting from the formation
of the NbAIO2 rutile oxides, This effect,due to the accumulation of more noble metals

at the metal oxide interface, has been tentatively suggested by Rapp and Goldberg (1) from

their work on the Nb=Zr-Rh system, when the Rh concentration at the oxide-metal inter-

- face was increased during oxidation.

The phases present in the protective oxides of some of the most oxidation resistant Nb alloy
and intermetallics have been identified. It is unfortunate that these particular alloys are
extremely brittle and very difficult to fabricate. However, the investigation of oxide
structures and phases has provided new and useful information that will help to answer some

of the questions posed by those interested in this field.
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6.0 CONCLUSIONS

1. The oxide phases NbMO4 (rutile) and spinel types MA|204, and/cr gummc-M203
where M = Al, Fe, Cr, and/or Co are responsible for the oxidation behavior of
the alloy systems, Nb-Fe-Al, Nb-Co-Al, Nb-Cr, Nb-Cr-Al-Co, and Nb-Al,

2, Pre-oxidation ot elevated temperatures (1275°C) greatly improves the oxidation
behavior when oxidation is continued at lower temperatures for Nb-Fe-Al and

Nb-Co-Al.

3. Niobium alloys 73. 4Nb-15Fe-11. 6Al and 60Nb-15Fe-15Al are extremely difficult
to fabricate using powder metallurgy techniques either from the alloys elements,

intermetallic compounds of the elements, or from pre-alloyed powders.

Based on oxidation data from References 3 and 4 for button melted alloys, scales such as the
NbMO4 rutiles can limit oxidation rates at 1200°C to less than 1.6 mils//100 hours. At these
elevated temperatures, thermodynamic equilibrium relationships, rather than kinetic limitations

will ultimately control the effectiveness of scales as protective oxides.

Additional phase relationship data is required to determine the alloy composition limits which
will support an equilibrium protective oxide. An understanding of oxide phase relationship
through a given scale is also required. With more basic data in hand, some of the more pro-

tective oxides may be able to be grown on substrates having desirable mechanical properties.
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APPENDIX A

CORRECTED "D" SPACINGS AND RELATIVE INTENSITIES

Note: D(A) "d" spacings (X)

RI

i}

Relative Intensities

1



STt ren

NDSL T Y nn
.

AN

[
0y

ite

fie
nc

Ne

e

0t
e
G/
N
n-
a7

fo

Gun* T

[ el

-¥2-8 "ON 3|duwog

(¢
re

PRI O
$TT-
271"
1"

<

~

-
e et e e

“Gt 2

G107

k"2
1o ¢
Ly ¢
FCg
te ¢
t/t¢
yeeg
[

tw)n

01~9 "oN 3|dwog

TNLAALA AN

2N T N
(o sl o

ne

n
-\

11
£9T1°1
LA ¢
<21
[ DT
gy’ 1
et
(s 1
AR 20 |
c’v 1
nees " 1
[ R §
Q1
(UL ¢
(LA ¢
0t/
(s 1
29a°1
rne-1
ent2?
gn-p
I Ard
ey 2
yct 2
YQ-7?
EF)
L g
kP
[PRENY
te-¢
[
MRS
1.°¢

/7 *h
Trc

(v

61-8 "ON 3jdwog

AUNA VIR ViR Vi W NS

=N v
-

Fa R ol AT ATNE & B
~

- 5~
rA

nr Y

nl

Hc
s

fc
et

Ne

erY
L
vrT
(R0 ¢

o
fic

€I
qui -1
€rtet
(101
ev1°1
[ R
GiL2°1
[T
nez-1
[ETE I ¢
[T
[2FASE 4
[UUC R
Ten-1
LR
npce 1
L 2R §
fTpea T
Zne- T
[
nYu-T
CwQ°T
[V
re/° 1L
Cws "1

9Q* 71

16°1

wnep

c’2?

-

152
762
[
it
y Q-2
fnesc
vl-¢
w2 ¢
4 Y
LG8
$/°¢
“Te
I 4
«req

req

T

(vyn

=218 "ON 3jdwos

-4

fRA DN ANNN NN

01
1

cT
[
n
.y

iy

AR
oy
0y

-
P e e e e N

~
~or
EANE §
4t

2}

i
G

"/

-

R

LA
-5

R I B T T B B ]

¢
AV

T

(v

v1-9 "ON 3|dubg



[ A

et
rc
Gc
[th
[4

n
nr
[4

[
ny

I»

[ X4

§9°¢

€/°¢

(vyn

V-11-9 "OoN 3jduwog

I AN ¢
ecn-y
$6N0T
PNt
£6T° 1
$RIT
v’ 1
G9¢° 1
Y2 2 4
Qup -7
TR §
cyo-1
/-1
tnez
/n=2
12-2
192
1< 2
+C° 2
[P EE
e

(v)n

Z1-9 ‘oN 9jdwog

£-v

2 91T 1
’ (2T T
4 [N
4 cri-t
é net -1
I'4 LAV S §
uT €971
nt I XA
(%2 §IL¢°T
c7 s T
(4 Tee* 1
[ 1e¢°1
(74 AR
(4 [ §
<; neG 1
c [(ORA
° C (+9°T
[ (v 1
(1R AL A
nt (69°1
c; tn-2
Q7 vite?
(LA A
< 912
Ne er*?
Ce 4 ad
(LAt {?°?
ort $y¢*?
(S (S g
ny Cp7
67 [
(4 97
I'q “rt2?
I'4 (a2
’ 11
4 (§°¢
(4 (G°¢
[ §$7°¢
’ 1°¢
1 (v)a

v-9(-8 "ON d|dwos

Ny T
el 1
ne Ty
netry
rel-
11
(LR ¢

[aTE NN ol SR 2

n

r

(P, 4u0D) v-6|~8 "ON 3jdwog

[4 niEo-r
« [R9 R {
< %721
(& npce Ty
X cr/er1
({1 L3250 ¢
rT Cue* 1
n e
e fee T
4 Clin*T
<, [ L
7 LT I ¢
4 [T RN ¢
< neq-1
< Py 1
< neest
I'4 nesg 1t
ne nGge-1
(c n(at
ne nas-Y
fc [\R W2 4
nc N/
fc 0701
’ no-t
(< GR°1
nc &R T
? (61
I'4 on2
<y vz
A [0 v d
Ce Q12
¢ L1z
(4 122
(AR 922
0 62?7
[Lhs L
¢ LR
I'e Yp*?
ry 0nc-2?
Ne 937
Ge Gt 2
g ‘e ?
4 Q- ?
oY ch"?
nT “h*?
(% yn-¢
’ ’l*¢
4 ie-¢
Ge LY
ort 1¢¢
Ce Q¢
<, 7¢
’ Q¢
s A
0 e
Ty (- N

V-61-9 "ON 3|dwog

«

< y#

I'd [

7’ tik

Y e £
o
on

143 o2
(e {7

(1 "<
[ Ll

L4 (O

< s G
ne 9a
[t s
I'd (914
Sy e
< Tt
< /<
“ 8
</ Gq
oy [
7 "
[ Qv
% “c
1

Ryl

i» (]

v-81-8 "ON ajdw

- -

4 A -

B e R T K e e Rl I L A B I I A R e I

AN VNN NNV NNYNYNYNYNNYNNYNNN Aty

e r TNV

v

og



(o i

{52 [T §
e 2s "1
<7 Soi-1
01 [XATER ¢
nes

rs 2enc Y
n AT
nt AR
(4 $H>»1° 7
(v LSRN B ¢
(¥ Ayl T
¢z (=TT
< (70
ez ps2tT
{}c Cs7°1
< L TIR OIS
[4 [ SRS oR
< FAX I 4
G (661
re [ X §
® fyo-*l
4 Nuew* T
<y $i0° 1
(e (69T
[ tec*1
“r A
(4 ne9-t
G 161
< [ L §
fc §e9° 1
&/ LAV §
<y 1701
s Py 1
fi> chkT
re [ECT S ¢
Q FeR T
<z ncnep
a7 fisn 2
c €CGg2-2
< ocng 2
[P nyey 2
<y [
[ cpat?
<, Cew'?
o aLr?
rrY C/uc2
(I fIRP
(4 fleg
fe npet¢
[4 rlscg
4 CTe* ¢
< P
< (VRN S
[4 YEIRE A4
c wre
& C g
H) (R 2%

10£S "ON 3jduwiog

[ANE AT A TN AT AN RNN o}
Ay N

RURAVAY

BRI AT AN AT A T o T AN A WY AT A TN Y AT oY ATV A TN A A A o
AU VNN

22
n <

01
orY
[
[ 4
fc
(94

<7

RSN
reo-
L VI
171
tevl
[N
(1"
212
Gy 7"
CP
[T
NeC
g
/1v
ree
[ A
Va4
CEn* T
wigy
RYC 1
[ T ¢
2661
6$CQ°T

PRI

=

ettt e

DR
-

<791
[ 1N ¢
[T ¢
§6/7°1
/a1
YR 1
(a1
[N §
In-2?
cntp
(N2
v1'2
c’2?
12°2?
(S
4 Aie
Q2
“Q* /7
Gy o2
(a2
Ga 2
Gocg
It
¢ ¢

>
n
-~

o
o

>~
* o

~
T oL
PN ol B AN 7]

-
~ O

[ AN

6065 "ON 3{dwog

r1
[k e
ne
tc
nec
cet
Ne

rY
e~

or T
fie
fic

Qc
(¢

[c
¢

(R4
n
el
e T

T
na
(e
iy

1»

r-v

Qln
gen
son
7un
A A!
el
Qet
Qe
12
(A
LY
224
<ie
‘v
ALY
L€
NGy
(724
niG
neq
(<1
619
.G
nNeQ
nts
€’/
v/
Qu/
(414
’n
vn
11
A
4
‘(%
(v
$ G

b9
c/
2
&
12
{7
I3
3%
tC

Gy

(v

*1
°1
"t
"1
°1
"1
‘1
‘T
*T
‘T
°1

"1
"1
°1
1
‘T
"1
"1
T
"1
1
‘T
‘T

1
1
i
‘1
i
+2
7
°?
-2
+7
<
<2
-2
t 7
-7
*?
.3
.
°¢
3
‘e
e
e
Jc
G
/

)y

116§ "©N @jdwog

cen-1
Tl 1
c1t°1
$¢e1°1
§e1°1
8 i §
[TV RN
oyt 1
Gue 1
(o1
Gne 1
et
[R AR ¢
el
DR
rencp
nel-e
rez-?
€yC 2
Cea"?
e/ ?
[AEENRSY
«CpvC
e ¢
VAR
(YN
/e

1-c
R
[

(v)r

0§ "ON djdwos

el
/76T
PR TR
LNty

{ "P4u0D) D-G|-8 "ON 3|dwiog

(g [SVITER |

ny ce 7

4 [

K Fy 7

& VAR

< [

4 [ 4

c PR

4 (BT

< €y s* 7

e ot

E= fey 1
r- [N
~ « =1
re [
e (SR
Ne LA
re tyecT
[ vy LT
rec repcet
L C rGeT
< H e
{ ¢ et
18] re a1
e Cy o1
f1 (N ¢
6K [
[ 4 G
[ . Y
(4 kT
G 4c°g
e ¢« *Z
e [N 4
e t 2.2
(7 st 7
1 RN
(K4 X
fe¢ [
n«¢ et
e rac s
n- [ 4
cr1 (4
i1 [ S
C1 [
rc ~rcc
e RS
< RN
(L veo¢
rc RN
e [
4 R 3
4 wClw
£« nec
¥ ‘G
fc 9
< ty
Ty [ AN

D-61-9 "ON 2dwog



A
o
»
-~

—

Zo1"
Ter>
&1
[ T
Nease
AP
QLo
QL
VAN
[
[
Nues
< [
? nig-
< noc:-
It [ i

AEA ]

NN D
44—

STNTT I NN NN
-~ 4

[ [V
2 [
a¢ o
ne ﬂ...
b ol
2 s
Ne 72
Ja J\.v
h
\

R B I I I I I I IR IR R IR R I )

AVER VIR IRY)

ic-2
L 4
nc PR
wG?
Crs yo2rq
< BERES

n

15 tyy)o

S1£S "©N 3duiog

@ e
< LECR
e G g
7 YA
[ [ rfe”
(4 nes:p*
' [

2 [T
[ 4 ne o
2 Coimt

A I VI VI VR e e IR R

“

R4

AN
-

il
=
~

1145 "ON @|dwpg

fic

-

o
N
Rl

[ P
can-
[ 200 0
LA S
R
aT o
2w
Wyt
[ R
[
LY

R I I B I |

fent
§rw”
Cyar
1i<"
roG-t
neg-1
(191
ALY ¢
v/s-

26t

ceqQ”

e Rl R e B R

“wpne
AL

=
>
NN e

T ars
ly*?
62

[
~ e
NN N

1
r*Nngprrrannnm

V=-6-8 ‘ON 3jdwog

(AR
cf

r
(c
{¢

fic

ar
o

ne
v

e

KR

NN ONY VN NN Y NN e et

con

cn e

b

1v£S "ON djdwog

G §on1

I Neos 1 <. o ! o
1 [XNIRD 4 < U RO
f oGn-1 < ot l
<« Qe < [ ¢
“: vt < G ot
I el T § CE
[ (I “h B4 “ Ol L]
< Gyl Y ¢ Gy st 1
< [T . teot T
« VWA { < [PV
« FHCT i f 1
o Gev 1 e (RSN
(4 VA e bl U
e EXSCI ¢ [ Lt
¢ trCe T i e [IIEYR ]
< apecy t Pre T
xS (VRN «
o T g9 - o1
< et U 2V
(392 [ ¢ fie, LS
« /et L ¢ 7
ny T /-1 G

P R § [ N2
« e o % Ll
IS ) 3 ol
(o0 PP RN LI LI
., P (- YR ]
net T . [ st 2
< s0c - 1 W
{7 a ] O et
rr1 XN i« Y 96
. O [ DR
[4 N, g [AKs (L
o e te e G
s LT “ o 9@
g “, e e -3
2 “ . -a
T (vt ) [

6€4S ON 2jdwog 8ELS "ON 3|dwog



9-v

3

[

re

M

n

GQr

<

<

?

2 ’ “hinT

’ 4 W 19

> 2 ettt

S ' rer-t

4 l AR

0c LT R ¢ ? IR ¢

0t 0/e*1 ’ §12°1

2 [iEC R ¢ I'q el y

2 [T ¢ 4 rv2-1

01 GHp 1 < ("1

< nre-t 01 noyet

a PP o1 nec-t

ort (61 ? Gew gl

ont ne-1 ¢ S

F 99 1 rd 61 N

: 2 49°1 2 cge-1 ¢ G o

2 nret e nrcet . A

13 st e a1 ’ P

nt (et e Geart b A

2 rect ? ROT" L ’ wBo o1 » ctv-t

et 91 > nete1 ? G/t :

2 he-1 P cpi-t o £ag 21 ’ er

4 LRl 2 NeL-T 4 res-t > Ay

4 L 2 ITEER u cyQ-1 4 u?”H

ng ’nc>? 2 nee1 ¢ [ YRS ] 7 3...

62 qN-2 < YRR 4 (SRR 4 2 AR {

ort “n 2 G0 fc gne 2 A=t
or eentt MV www wa nIm-1 w. ﬂ.v.h w )‘M
7 [“RLR S 4 2 NGt 5 5 O
b4 €21 (14 w2 2 ¢ RGO ¢ P2 ¥ DA f
-y fei1 > (67 Ird oo 1 16*2 n1 1 71
& we T G/ vy 2 ¢ . ne 6o ? 0t R

< ver2 re RO te AY > 1
c (X 2 4 </ a2 ¢ (AT ¢ F3 Ga-2 2 AT
e R na e ry ciat1 ’ a2 ny i
ne YRR G Iy 2 (TR 2 IROE > o
e I <, RS ? 2z < re-¢ nt anc>
0o w2z Y et < eyt re AROG N1 -
o G028 urt wete re 4o ot ta-¢ ne 1a-2
(1 PR e 750G 0¢ L2 R T 3 At
0c IV » TS re Vet ? n- RS ont snt?
¢ 596 (Y] 1°a [N ¢ GG [0 Tec nr TSR
¢ v “ ’a C« 2050 z ) n (are
0 e I e I cvyn 1 (v n ys (el
£14S "ON 3jduiog 6145 ‘ON @|dwog 1S "ON @jdwog

¥2/S "ON @|duiog 8¥/S "ON 3|dwos



4 4T 1
< [N S 4
< 7511
< 2l2-1
< v’ 1
[4 T¢72t 1t
[4 nie-1
L AT ¢
2 nes-1
4 [ L 4
rc LA ¢
Ne {9°1
nc [ ¢
(A LY
ny {E Y
Ne ne-1
ne 6N
ng 222
fc e 2
nri 232
ac¢c 792
fee 4
g w2
’ Y2 4
a1 [SEI R o
ne Y »2-¢
Ne FERE
n~t ERREY
ney PRI
4 “l
2 LA
T tear

22-9 "ON @jdwog

r7r-1
rel-1

[ LR A |
(MY (LR S ¢
[t to2-1

i

-

~

NTOADADINNNANPNLPAAANRNN AL
-~

[

L
e

v

1 LELI - ¢

(LY
[TPER¢
(RN
Chlt Y
[T {
(TS 4
Cec 1
CRE A 4
Cro" T
Cwe 1
frc-1t
TecC 1
T PR ¢
[
(9°1
u/s°T
(/1
[ DA ¢
ST
6R-T1
CY I 4
tn-2
| Atird
(n-2
§1°2
12-2
LR rd
I 4
w2
1 4
grte
L2
e
Q2
I 4
"wh*?
(nte
s ¢
[TIEN
tie-¢
1 s ¢
[ALEY
[IVALY
[ECREY
7t

1<
{wyo

#Z-9 "ON 2|dwog

Fad 4

fe € 11
« c. 1
ny LI ¢
nv 24001
'c [N 4
he 9«¢ T
ni é=nt1
0r Rat°1
0c [N ¢
nrt Tty
9 Qsu* Y
< -2
104 2rc2
ny [ 4
nrt Tu=2
01 vé*tp
firl 62°¢
or A EY
< G4
[4 @ty
I (eyn

6165 "ON 3|dwog

dc nQn- T

< | FEMNR4
(R4 R1T-T
ny Qul*T
e vl 1
re AT AN
[t¥3 9% %Y
ne¢ BAY T
[IX et 1
Ne /7Q° 1

i vy /"1
< Pa L4
0T §12
M 2722
0c 1€t 2
ne 1 T4
< 4
7 GRS
neg v ¢
0 Oy
P3 Qe
nr “t
N twyn

£045 "ON d|dwog

rm €111
(4 LIR30 S ¢
(44 weT T
<7 2(1°1
(94 a1
(4 fnet1
< §£§7°1
[1h3 evecl
fic [ T ¢
4 A0S T
< 26c1
oY Ciip° T
< FATLI S
(4 Qi1
G/ PANTI S
G/ ere- 1
<y {51
nc 7491
ny 2RG-T
74 Ia7°1
(¥ [ VA ¢
(¥ 20R°1
<7 nee*1
[ [AR T I S
14 fatne?
<z nen-?
[thd CHR 72
< rvi-2?
< [ Xird
0t [ S 3
Nl L[R2 34
<7 Nge*?
(¥ (BT
Ce w72
< neQ*?
ny N6y 2
et K2
[4 nee ¢
r nee ¢
fc nno- ¢
nc ngs*¢
[4 LT G
rfi [V 3
ry 1°¢
(& «ity
7 9T A
i cv)yn

8066 ‘ON ajdwog

<« 2~
ny O&0 O
< gl
? FLA
C (RN (U4
? [ AT
7 [P
rd [ 4
P4 civet
ar CE AN
ne Nuey 1
c R
a1 Twr 1
W3 Zuycl
2 cra-t
4 spety
nc (AR R
[4 NS T
Gr CuQ° T
z /71
LR 4 ~Q'1
(4 Yy 2
nY w2
Nt 1 a4
ne w12
< - aird
fec [ X4
<y b2
[4 Y
< “Q*2
rt v:*?
4 g2
[LNal & §¥72°<
c LE
Ne ~9°C
fc 1°c¢
I» (wv)

Y1LS "ON ddwog



[4 (TR S 4
4 [
4 0771
¢ fwltY
4 (2R O §
< (IR ;
’2 ng~s°1t
P 0ot
4 $2°1
¢ - YR ¢
4 [ 29 4
(1 LFANME S
7 fec- 1
ny T 2 4
fe Lo T
I (R
< Y-S 2
Ne 2eet
< (91
<7 (L2 ¢
Gy /1
[T 4 v/ 1
[ YRS
[Ch¢ 16°1
(4 «Q-1
fr (n-?
(e 12
Y [
fii g P
nr tw?
LR 162
({1304 yCtp
<y Y s
< L Rard
rel L
7 L4
fe Y [y
e ‘¢
e ’9°¢
I (AR
1 tesynl

6-9 "ON 3|dwog

[ S ¢
Cpl-1
§61°1
[ LRI
Q2.1
[ R T ¢
LI
97 1
262°1
Qe 1
2(5° 1
que -t
now-Y
neZe*1
’ ope° 1
4 Gqr° 1
s 1
LY Ltet
tt 0e-1
G7 ¥9° Y
(4 fv-1
ny 2L 1
Q7 w/°1
4 §R°T
G, 981
4 0s°1
[4 I §
nc 2n-?
ne 9a-p
/ 91-7
< £ 27
< (A4
[ [ 2 24
< ce-?
/
f
3

ALANNPfDDINNNNAAADANR
-

(162
(4 L9 ?
“r?

? /92
Ne LI
(A& wh ¢
[ihd 1w ¢
net [N
(3 nse¢
4 (SN
(30 1°¢

Ml (et

J-£1-9 "oN 3jduiog

fey

-1
n

flo-1
crl-1
cle-1
[N11- R ¢
AU T
e p
Iy
[
ng - p
1t/

(w0

8146 "ON jduog

r fwl-T
[thi fe1°1
et Cllzsgl
B4 [P
c AT
< rec-1
c /et
¢ oyt T
ny [T I3
114 172%°1
[ ] 1vv°1
(iR ¢ 1451
< (ne1
e PHG T
[4 nio°t
fc YR
[4 91
(¥4 §/°1
nt 671
< FR-1
¢? 79°1
< (L1 4
et AT
fc yn-?2
c1 (n-?
(A ¢ ert-?
(184 6102
< | 2
<7 1¢°7
C (¢°'?
4 13 A4
(iR [
4 96 ?
<y /G2
01 te°?
(Y] |Q°2
¥ na-¢
fic 10 S
[4 [LE 3R
< LIy
rel [
fe ng-¢
Cc LUV
I3 [V
< LY J
(82 in*a
[4 (G
01 -9
¢ L
1 (v;n

>-91-9 "ON 3|dwes

“

o

onn

ny
BA

av
nt

01

rfy
ni
a1
ny
fc
(R

ne

0y

n
ne
0
(28
ny
Ne
ny
Y

ny

il
ny
nr
Ne

the
0
(X4
e
Cec

(LR
rene

1
Y
1
T
«r 1
LAERR B
net*Y
@.1"1
(S 4
8171
[T
TR ¢
Gty
[N |
Geyt Y
[
Cnn*1
TR
n;oc 1

(AR S

re3*T

(R R

Lo

fy: °T

[LEFE

«sQ°1

nuw*1

fART

C<A°T

LR

wnesp

LA G4

12

cet?

B Y4

t<er?

N4

et

(XA

/1Q°?

for 02

1102

L4

vet?

&t D

.ty

LTS

[R5 AN

1 f§6°¢
na*¢

.\oq

/e

(AR

Lee

1°Q

iy

(e )

91-8 "ON 3|dwog



Eal S

[ e B NN
k) 4

-

~

NT AN N
- N

.4

~

LA B A T A T N A A B o

n

sl
RS R 4
ner 1
SRR S 4
LY A S
LR
Furet
(17
wi 21
fe’*1
re’°1
fue

rec:

e

(ev*
{aw*
[V
[
/6"

~
~
A I R L I A A A B I R I e B I I N R e I IR Y

€745 'ON 3jdwog

(LBt

rr
1
(@Y

ne
1
feo
g

rr
re

(2]
N

nr
ey

(r
[
[
o
o

T 1

plo°1
fou°1
6Nt 1
GeENnc 1
niT'T
et
fo1°1
w11
[T
§07'1
rez1
2oyl
18T
oees*1
reme
[
[N
VA ¢
ARV §
ro°1

('t
(91
°nt?
G2
wn
o1
17
T¢ *

[ X

AN

NN VNV NV NN

&l

e
~

“1
3

.
AN an

RoE

Cwan

0¥/S "ON 3|dwog

TEH ALV NNV NN N
—

A NN DD
n oA

il
~

(R
[
Ne
r
(e
U
rr
e
e
m
e
nr
Ne
fr
re
[
1
<

I

-t

]

6~V

LT ¢

fen

‘T

§en- T
TR AR ¢

ANt
ry 1
rel
el

*1
*1
"1
"1

(RS

el
(12
fw?Z
wng
VA
ni e

1

‘1
1

' 1

1

T

cew- 1

ryn
(41X
L
|
/9
1/
W
1+
on
‘e’

1
"1
1
"1
‘1
‘1
‘1

°s

8- 1-9 ‘ON 3dwog

(¢
(e

Ne
e

e
Ne
ne
{c

R
re
n

Ny

rr
(]

1

§<n
(el
[ 2R
/1

o~

~

121
i/ 1
(LR ¢
(YR
[ ¢
[ 34 241
[V ¢
LIS ¢
11«1
eyl
(91
nls-1
[ §
[
(SR
77
E?
e p
tL?

I

coy,

v-1-8 "ON 3|dwog

n

[a I oIV ol

Ne
Y
ny

ne
ne
fe
ney

(IRt
(e
re
P
fec
eot
fc
n¢

reY

.4

1701
e 7
ceimt Y
€001
rersy
LA
I=1°7
[N

el N of
T
N oma e
- .

RN
< N

S
-~
T 4
e B S ]

n
4
4

rn
] (SR SIS B
N *r L e
NN et et e 44 4

Teeo
PR
(92
v 7
i="2
12

c
" ~
o]

¢
c
T AN AN ¢ B¢ T 03

o

tva(

v-01-8 "ON 3|duwog



r-~ [

P A O ol-v
4 [T

q < prl-T
a < fre-1
(1 3 IR
c < (111 < ger T
< < et 1 < Q921
¢ < XA < FRRN ¢
c s arT1 < PIS T rd rne-T
0 01 ce1°1 a7 rec 1 C enncy P P
z c r17°1 ? fes 1 ’ n2o-t1 > PLER:
c 3 2571 <y TR ¢ 2 corl 7 ITLER ¢
& < fe7 T 2 Cev 1 % i1 7 Pun-T
c < P21 oc IR 4 sercT 2 frnet
c 5 (05T ne PG T < Sant ? PR
0t 2 nee T ne (161 : oA z crart
M 01 (e 1 (i TR ¢ :3 L / 7611
P « ces 1 pe 0991 q DIV ¢ petty
. < con-1 ne Peo- T z s ¢ retet
i 01 et e 00/t P - > 11
¢ re 1ze 1 re rsset c ot 3 SRR
« Id (AN nt (YRR < AEEoR 4 (AP RE 4
c oy €16°1 nt (VAR ¢ b noc-1 < ot
y [4 feo°T ic sR°1 m:‘. 06f T / [T X9 ¢
& 67 IOLER ¢ ny ne-1 k ) ¢ Foset
re ne nHG° T 2 61 ; W0 fe ey
fc oy nos°1 nc in-e2 = mtv..~ 7 e T
s . G/ [\FV 2 § (3 wn-p ez 3~M.M F Crim* T
fe <7 rot 1 < 61-2 ‘ c PETER
NG (1B rH/T 01 §2°2 " fra-1 e cyert
e <7 ta-1 < wez €/ 0991 01 nre-v
G e 99°1 0T £5°7 ¢ feast ne reasT
G fc ea°1 4 <o 2 'S re/t G/ tee-Tv
& ne ra*1 ? ("2 < et [Lh Zevc1
0 0cc [ 4 2 4 [SET R c? nescy
0T Lo 61°7 ne (X244 fc reae-°1 ? ryo-y
1 ¢ < 227 S/ 99° 2 et ren-2 ne TR
re 3 o2 < £9°2 2 fun-? net YR
rr Gy G52 0t “et? < AKT-2 07 re1-2
. c 2y 7 < 2q-2 cc rer+2 fec w77
ar .7 (077 ot HR°7 (Lh 4 neg 2 7 fec2
re o7 267 ort A7 fc Ced*? cy Nuwbe 7
e G 192 ne LY S Cs (rQ°? b4 nec/
3 67 102 ne [ZEAR (¥} ey ? ry t/a97
fie. <7 va-2 ¢ e Wy gR-? <, furea
< ne she7 ne vece ce §7°¢ < (ee-2
ne Pl en-g fec Nw-¢ 0y tyee <y cr2 ¢
. > e </ VYoo 8 nrt T ne AO0G
re <z Ip-¢ 0¢ s e vers </ cas-e
rry <y [CRRS o e nre e ne crcg
Y < ga°¢ oy e N LERE net e
e oy YRS < I iy e < 6rcg
« rr e nt n-e Ne rire 0 e
< a7 Toc < 7¢ ? L < crew
@ c s q < 1+ o 4 nary Pe n-g

< Ty < Y 2 nent re FRra
£ ) 1y

1 (v)n 1 ANl I tvn 1 (v

V-£2-9 "ON 3duiog v-GZ-8 "ON 3|dwog V-£1-8 "ON 3jduiog #2SS "ON ?|dwog 0£SS "ON @(dwog



% CqT-1
“ asT1
< 26T 1
< “12-1
« (S X
3 /21
< nne -1
< €681
rr Q61
rr o1
re (ol S 4
cr LISRAER ¢
[Lhd Ne9- T

M [ WA
oK ne&s°1
re [Z1-1 4
fec 161
4 whT
Ne onp
(s IR SR
< &7 ?
e 2¢~2
“ Lyt 2
rt LR 2
GY cQ° 7
fe VAN
ne e p
0 0K-2
ny §Nce
re cit¢
[t §< ¢
rc ev ¥
4 1¢°¢
SN ¢ we*§
? «q°¢
re [ 3
4 e
[ “e
re M A

(w9t

11-8 "ON 3jdwog

i

.

n

~

NDANAAND O TSADIN AL NANNID DN AD
-

AV AN Y I Al ]

201
arn-Y
QN1
QRN T
[S°R SR
Q[T 1
a’s 1
nee - 1
(AN
/60T

Gry° 1
179°1
(691
69°1
/-1
IS ¢
wheo
1 9 S
LS Shid
w22
LY
Ll I
1 e, s 2
Gy 2
v’
.
TR Y
s
[

(wyr

£1£S "ON 3|duog

"

fie.

nr

ne
ne
7
Ne.
<
<7

5
¢

Ne
0c
X4
Y4
e
(0

-t

L=V

te

8-5-8 "ON 3|dwog

e 9In*T
b4 o1
2 [T RN §
' (Y1 Sl ¢
’ GYT°1
nI ?isc1
n [IEZ30 4
01 st
01 (.3 2 ¢
[1h¢ 09°1
q »9°1
fNc AV ¢
L 212
3 w22
[ 922
[1R¢ T 3
2 HC -2
< DR
(v ez
ort Craxy
(4 oy
I» (vHyn

9145 "©N jduog

< [.24 Gl
< fretf-1
< [T 4
re T 1
be Gl 2-1
(e cr/tt
e AR
4 fo-*1
4 [ |
4 w7
(B rreey
P 2ec 1
Cr YAt
(&% VRN .
o [ NS
7 FecT
[ (S 4
I o
rey "1
e tC T
re wet 1
N Gt T
(34 [NV 4
<y I ¢
(X4 /T
he PER §
[ [ 4
4 PY
e fitc 2
1 [N 4
'd nge2
“ v~c7
< 4
Ce G2
% w2
e 1a-7
(a4 [N
0 (IR
iie PR
r /¢
r [N &
1» (v

V-92-8 'ON 9|dwog



v nrreT
[ A SR
s CIR A
ry rwl1
Ny A% &8 §
H-l ﬁ,—‘-.ﬂ
(5 X AR
G (X2
5 LEYAR
-y € 2t
o frug -1
- UPE R ¢
Ge G651
¢ Gro 1
< nee* 1
4 Chy T
tc (PR
[ rec 1
Ge, N/t
’ €i9°Y
e (99-1
(1X4 LR
Ne rOs T
fe wiz-t
[ CYAR
(42 ©r°1
& 101
< GR°1
< €l T
le LB
° <6°T
fe pr-2
S L7
¢ 12°2
Ccr ne-2
& (234
<7 Yp'?
<’ 1¢-7
er (9°?
re Y/ ?
6 §R*2
N T 26°7
? [ R
¢ (n°g
< Zt-¢
< ve ¢
te ne*¢
net vs¢
crY 9-¢
nrt /°
ny LRy
e PRRS
fe 1°¢
? ney
4 [N
I» (wyn

V-12-8 "ON 3jdwog

LA [ Sl §
$¢1°Y
[T 0
ROTT
2ne*y
[ XE
[ XA
nne Y
[ 2230 §
FRET
[T ¢
new-1
[ X4 2 §
eve° 1
(12 2k §
[1 X2 4
L FE N
6661
09" T
1 €91
<tr°1
[1: R
68°1
Gs*'Y
In*2
1 | AL 4
y1°7
a4
[ X4
’v° 2
1¢*?
%92
<r°?
9Q°*2
G&°?
(n*g
ny LI Y
net (I3
¥4 (Y'Y

ANVVNAAADLNANNIANNNNDIAN NONNNNANNNNNNVNNVENNNN VN
n

€US "ON 3)dwog

ADD2OANNNDANDNDD
- -~
>
h ol
N
.
-t

~
n
<+
v
.
-

NN DN N
NN
™
~
o
.
-~

nABNDIDSASDS AN
NANAAN O O
N o
NADOMTON DD O
PIPDOVDODANNNN OO
e e e e e e v e e e s
v et rd ool vl et e el e -y

o1 ente

I (v)n

v-£1-9 "ON 3|dwosg

ANNNNNYNYNA NS AD

D ="
4 -+

({14

e
0c
Gc
ne
{1c
0
(4]
(LA
ve

0y
fc
(Z4

fc
ne
Ne
0t
[Lh
[11'g
0c
fc
(V]
Ny
ory
fc
iKq
ne
0y
tec
Ne

[{X 4

e
01

T»

nor-t
(2% ShE ¢
T9T1
e T 1
erT- 1
netr-T
n/T-T
PAT"T
nte*1
0nee-1
ne2*1
[P ¢
Quse-1
°6e 1
Nee 1
Glivp*'T
LINCR 4
(=1 2 4
(UL S
Nep -1
[N ¢
c2c 1
[LVA-2 4
npe-1
[T 4
€691
cls°1
ngr-1
L1V
&/t
FR°Y
9r-°1
61
g€n-2
wn-2
R v d
612
s e
(57
| 2 Al
[ 3 A4
(AR
19°2
[ g
(A R
“e?
N E
s¢r¢
vee
29*¢
17°¢
nQ*y
[SIRN 4
cQ9°cC
19
’d

(v)a

Si-8 "°N 3|dwog

~N

A

<
Lol

IAALADNADDIANNDDAANA N ADINANANDNN
~ nr NN

tent1
Gyn°1
guncy
GAN-T
LY A A
eu1 1
/T
[ RIS 4
nage et
CIC* T
(LRI §
I 2 §
Ed L I ¢
neac T
Quo-1
nke°*t
nen 2
QuI*?
GHT*2
LY AN
1§27
ch2
wp?
EERES
He ¢
~Q°¢
[
/7

(v)it

214§ "ON 3|dwing



(NI

fivs 1T
[IX XN
(ST 2 4
ne-1
et 1
§0° 1
ns*1
$/°1
LY ¢
91
w7
N>
112
W12
w2
L 4
<n2
[ i
e 2
«/sp
[S-EF]
i 7 R
“r ng*¢
< (7°¢
(0% Chw

TNANN AN AN YUY
~

DANNNNVNN
&

Nz
-

IR (vin

S¥LS "ON a|dwog

D W S B B A I AR~ =T o o}
~ A

N2ANANDVUODIDOAAADANDINANANVAANANNYY AN NN N

0 N

-~

££6S "ON 3|dwog

egl~v

rer-t
ent Y
[AF S 4
[ S ¢
Tel 1
2ot 1
FET°1
021
[T
cyZ2° 7Y
ne2°T
T4 T !
(21
(XA
et
/e 1
[ 2R
[T
rec-1
feo*l
ﬂ93.~
[N {

AT ADIND AAANNADDNDNDN NN
.~ ~ n

n o
-

("P,4u0)) y-£Z-g "ON @|cwiog

¢ Ce 1
fic «le T
e Cye 1
¢ (retl
4 €l
Ne [N
nrt [SVAR ¢
RV 4
s/ 1
<71
t1°T
[ERo I §
a1
wa-1
nac1
vh T
§n2?
w2-?
22
[
[EX" v
Ch*?
1¢+2
Y& ard
wrte
Q2
orY nNe-2
(4 YR 2
q LIRSS
[4 ng-¢
ort (UL Y
reY 438
[4 we*¢
net te*¢
0 6/°€
fic VA 4
e’ QW
flc 1°¢

ANNSDDIDINDINANNNMAND
Ao~ A ~
-4 -

N3
0N

n (v)n

V-£2-9 "ON 3|duog

Oer-t
autTeT
2711
[N §
§atT-1
Cyl-1
T
sn7-1
[ AR §
fs~°1
o1

NN LNV ANVNAN

("P.4u0)D) v-0Z-9 "ON 2|duiog

ce 2

~

C/-
[ A4
ey
ie€
(AN
fee
NS
[
[ X
Cun
e
f /A4
e
(AN

"

]

NN RN
hY

DN YN
~ ~

AURSEN A A B Y
~

-"
- A

vy

N
-
-

[a 3R
~

A

DN A
-

I
>t

-

TONNANA NNV
N
-

NN
- -~
- 3 e
> C &

[VRa]
(K4
e C
ney 2%
[N ¢ “e
crT [
e <7
’ ./
e </
re 1
[
ry
[ ’

aN

“

I» ty

o T
T
"1
1
‘1

-

-4

-t

R R T B e I R R I I B R )

NN N N N

DN NN

‘e
‘e
°¢
‘s
‘e
i
4
tQ
cQ
* 7
T A

mn

V-0Z-8 "©N 3jdwog



r notT-g
< Gl
[4 V\<.d
< (vt
C1 (22 G §
< LA R ¢
(184 AT ¢
4 rez-1
[4 LETER
4 LY ¢
fc et
? TR
Ne nne-t
I'e c?e 1
< nee -1
4 (YR ¢
re [T TN ¢
4 nev* 1
fc [T RN ¢
? nep 1
ot Glat
fr [ ¢
neg Lt
4 19°1
ne 9Q°1
0a CTRE
nc 1r°1
4 (VAN ¢
ne R/°1
? [-X8 ¢
(K4 (IR ¢
2 GF*T
ort pnt2
2 &nc?
0c g2
< 0p*2
l 9 °?
0c IS4
re g 2
ne Gs?
ne Rt
? “nee
fic YAy
ant LAY
nrt IRy
ort YA
ne AR
¢ 1°¢
? 1*9
ny Ny
i1 RN
| ] tv)1

V-ZZ-9 "ON d|dwog

< 011
(1R [ XA
(4 net-T1
< Fol-T
< [ 2 R Sl §
q Arz°1
4 71
< 162°1
[Lh 21
et ene 1
4 [IFE 3 ¢
nt [LA22 Y §
’ nev*1
0c [ X2 ¢
ot GPy- 1
ar Gqla Y
nc nrect
nc nee* 1
fiq ric-t
c1 G-t
' [IX-2d 4
0c -1-R ¢
Nc nNe* 1
c “6°1
fc wncz
cY (22?2
cr F¢°2
ne 26?
Cc TR
O0c G e
ney 16°2
’ 967
(Y4 gn*g¢
(14 w2 ¢
nc Xy
rnt 1ce¢
(4 fFQ°C
? Ny
€ “roy
n NG
[4 g
re ney
I» (w)n

€1-9 ‘oN 3jdwog

ri-v

<. (1r-1
[4 ey T-1
’ 2¢1 1
[4 GOT1
7 G111
< 20721
z 11727
I'e IS X !
(<74 (YR
L anesT
Gr (A3 §
[+ Gec" 1
Ce Pye-1
fc nee° T
(LA [ S
[ cry 1
I4 Nev-t
(b ] Gor-1
01 et
ne 161
’ 19°1
<7 901
N (9°1
S T¢e°1
< CYRA ¢
C $/°1
< 181
< CT-R0 ¢
l AR T
ce Is°1
fc 9n-?
0c et-e
0c {17
0¢ I4drd
< 972
0c w7 7
0t [
he fy-?
3 (%°2
0c 0e-2
Ne [
(4 692
bc (12
Ne °h°2
< wneg
< neeg
Ce ie°¢
Ce qC-¢
0¢ 1<
0 G/ e
ni 1°q
. L]
< n-y
I tvyn

V-y2-9 "ON 3|dwog

[UtR S
[ R AA
2ei-1
LI S ¢
el
(X0 S ¢
ot t
v 1
LIEN A ¢
c121
[ R R

EaNF AN AR A AP o)

rOMDA D

(*P4u0D) D-61-8 "ON 3jduiog

*1
“1

NN
—

-4

TOoO N2
-

ol

‘1
o§
T
o
1
2y
1
1
¢
°1
1
0§
¢
0y
*2?
<>
.2
<2
4
*2
.2
-2
4
-2
i
<2
4
.27
¢
)
hog;
Y
¢
¢
%
¢
.
4
* G
°Q

i
L] (vyn

s

rapp A NRODLENMANDDNND VYD
AVERN AY ~

FO2O0DDDATIOANADANDTNNNDNAD
N TN A g 4N 4N r~ - N 4N -
-

[ AN N W )
- 4
T e Lo~

J-61-9 ‘N @|dwog



~N

NIOIVNINANLNADADNAND ANANNAANN NNNNNYNY
o}

DTANDN
- N AN

nr
Q7

fe

nen-t
(X 110N
nen-1
rtun-T
6N 1
nere T
6v1°1
66t 1
neret
nte-t
602°1
(1Y A ¢
[-3 230 4
rog-1
6RS T
1§91
(-1 2 4
8y 1
2¢ 1
961
’9°T
99°7T
89°1
20
(L
e/ 1
60-1
T | J1 4
RTI2?
6?2
L 134
Rfe 2
€92
Gycp
aR2
e’
wzeg
T Ne-°¢
$G°¢
AN
1 (RS
LYY
(1R S 2
(VRN
1°¢

(v

628§ "ON 3jduog

Si-v

PO AN ANNDADNDS AN AN

[ LR S 4
crret
GoT 1
(911
IZA SRS
2021
§e?°1
6621
Ne2°1
[T AN
(AT
[T 2 §
negp*1
2iv° T
rneg 1
(L0 -0 4
[LEA R ¢
[
cny 1
ng/-1t
COR*T
(9°1
Te1
en-?
vNn°2
N2
A SEA
[ rd
’25-?
02
G2
ne-2
19?7

ert en?

ap°¢
1g-¢

0ZLS *ON djdwiog

ni. t
art
n¢c
neY
01

1

Nyn-t
n.o-1
T/0°1
QuTety
putrey
nao-1
[LEAN
[T
[LEERSTN §
FAS I ¢
DR ¢
CL R ¢
h7*Y
il ?
/222
Itz
1672
LLArd
»2s
vy
I°»
[8 A XL

¥(S "ON 3jdwog



