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LEGAL NOTICE
This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



UNCLASSIFIED GEMP-lA
UC-25 Metals, Ceramics,

and Materials
TID-4500 (17th Ed.)

High - Temperature Materials Program

Progress Report No.7, Part A

January 15,1962

United States Atomic Energy Commission Contract No. AT (40 -1)-2847

NUCLEAR MATERIALS and PROPULSION OPERATION

FLIGHT PROPULSION LABORATORY DEPARTMENT

GENERAL ;ELECTRIC

Cincinnati 15, Ohio

DECEMBER 1961

1

UNCLASSIFIED



UNCLASSIFIED

DISTRIBUTION

EXTERNAL

AEC Headquarters
J. M. Simmons (3)
F. C. Schwenk
R. G. Oehl
G. W. Wensch
I. Hoffman
T. W. McIntosh

G. M. Anderson
F. C. Moesel

AEC, OROO
D. F. Cope (3)
D. S. Zachry, Jr.

AEC, COO
B. Anderson

AEC, CAO
C. L. Karl
J. F. Weissenberg

AEC, NYOO
M. Balicki
S. Meyers

AEC, SAN
G. F. Helfrich

General Atomic
G. B. Engle

Pratt and Whitney Aircraft (CANEL)
L. M. Raring (3)

ORNL
W. D. Manly
A. J. Miller
R. E. Clausing
N. W. Rosenthal
W. O. Harms
D. A. Douglas, Jr.
W. R. Grimes
R. E. Blanco

BMI
R. W. Dayton

LASL
R. D. Baker

Lawrence Radiation Laboratory
R. E. Batzel

INTERNAL

E. A. Aitken
W. G. Baxter
J. R. Beeler
J. C. Blake
B. Blumberg
H. C. Brassfield
W. R. Brisken
V. P. Calkins
C. L. Chase (3)
D. Cochran
C. G. Collins
E. S. Collins
J. F. Collins
P. K. Conn
J. B. Conway
E. B. Delson
H. S. Edwards

E. W. Filer
M. Goldstein
L. F. Hardy

L. P. Jahnke
G. Korton
M. C. Leverett
L. Lomen
W. H. Long
R. A. Lutter
H. F. Matthiesen
J. A. McGurty
J. Moteff
R. Motsinger
J. W. Morfitt
G. T. Muehlenkamp
G. Neumann

C. E. Niemeyer
W. E. Niemuth

2
UNCLASSIFIED

G. W. Pomeroy
W. Z. Prickett
F. C. Robertshaw
A. J. Rothstein
E. D. Sayre
T. W. Schoenberger
W. S. Shaw
R. J. Spera
G. Thornton
J. I. Trussell
P. P. Turner
F. 0. Urban
J. Van Hoomissen
H. Wagner
J. F. White
D. B. Williams
Library (5)



UNCLASSIFIED

CONTENTS

Page

1. Introduction ........................................................... 7-8

2. Metallic Fuel Element Materials for Greater Than 1200 C Operation in
Oxidizing Atmospheres (57001) ........................ ............... .... .9

3. High-Temperature Control Materials (57002).............................. .. 27

4, Effect of Radiation on High-Temperature Alloys (57004)..................... 31

5. Moderator Fabrication and Testing (57006) .................................. 57

6. High-Temperature Thermal-Insulation Development (57010)...................59

7 Appendix...............................................................61

3-4

UNCLASSIFIED





UNCLASSIFIED

FIGURES
Page

1 - Surface oxide growth, internal oxidation, and YFe 9 depletion as a function
of time for Fe-Cr-Al-Y alloy (MS-16) at various temperatures..............11

2 - Grain boundary oxidation in Fe-Cr-Al-Y alloy at 1200 C and 14250C..........12
3 - Nature of oxide cracking of Fe-Cr-Al-Y rod at 13150C.................... 13
4 - Microstructures of Fe-Cr-Al-Y specimens oxidized at temperatures of

10950 to 14250C in static air............................................ 14
5 - Grain boundary of Fe-Cr-Al-Y-U02 compatibility specimens after 270 hours

at 13000C ............................................................ 17
6 - Microstructures of Nb-Al-Ti alloy oxidized in air at 12000C, 13150C, and

1425 C............................................................... 19
7 - Microstructures of Nb-Al-Ti alloys with chromium additions oxidized in

air at 1200 0 C, 13150C, and 14250C...................................... 20
8 - Thickness loss versus time for rhodium and iridium sheet specimen at

1800 C in flowing air and argon......................................... 22
9 - Oxidation penetration as a function of time for Fe - 30 Cr - 1 Y - 43 weight

percent Eu2 O3 reacted in air at various temperatures..................... 28
10 - Microstructure and chemical analysis of Fe - 30 Cr - 1 Y - 43 weight per-

cent Eu2O3 clad with Fe - 30 Cr - 1 Y after 100 hours at 980 0C in air...... .. 29
11 - Predicted tensile specimen temperatures for capsule MT-51 ............... 33

12 - Predicted fatigue specimen temperatures for capsule MT-51 ............... 34

13 - Stress-rupture properties of irradiated and unirradiated A-286 alloy
(heat C2527)....................................... ................... 37

14 - Stress-rupture test stand for testing irradiated specimens...................42

15 - Stress-rupture test stand and alignment test equipment......................43

16 - Relationship of the strain gage location on the cylindrical gage section to
the neutral axis and bending plane-......................................43

17 - Strain versus load, four ball-and-joint assemblies, Stand No. 4 (specimen

62 F)-.................................................................46

18 - Tensile strain versus load, gage calibration (specimen 62F) average of
four gages, Inconel X - 0. 1244-inch diameter............................ 47

19 - Fatigue test equipment showing calibration instrumentation............... .. 48

20 - Fatigue test equipment showing furance arrangement........................48
21 - Typical fatigue test specimen after failure............................... 49

22 - Neutron dose and temperature distribution across specimens in capsule
MT-27...............................................................50

23 - Electron micrograph of direct-stripped plastic replica of Inconel X-
Chromium-shadowed...............................................-..-52

24 - Electron micrograph of secondary carbon replica of Inconel X, obtained
with two-stage cellulose acetate sheet method - chromium-shadowed........ 52

25 - Optical micrographs of etched A-286 in two heat-treated conditions........---- 53
26 - Electron micrograph of solution-treated A-286 showing TiC inclusions -... '. 54
27 - Electron micrograph of solutioned and aged A-286 showing large TiC in-

clusions, lamellar precipitation of 71 and y, and general dispersion of y
in m atrix............................. .............. .................. 54

28 - Hardness as a function of aging time for 92 Ni - 8 Al alloy (heat E-168) .... 56

5

UNCLASSIFIED



UNCLASSIFIED

TABLES

Page

1 - Oxide Thickness, Grain Boundary Oxidation, and YFe 9 Depletion in

0. 170-Inch-Diameter Fe-Cr-Al-Y Specimens..........................
2 - Measurements of YFeg Depletion in 0. 126- and 0. 050-Inch-Diameter

Fe-Cr-Al-Y Specimens ...............................................
3 - Alpha Count Data After 300 Hours Testing Time for Fueled Fe-Cr-Al-Y

(MS-16) Capsules at 1200*C and 1300 C................................
4 - Electron Microprobe Results on Nb-Al-Ti and Nb-Al-Ti-Cr Alloys.........
5 - Stability of Palladium at 1000 C in Flowing Air ...........................
6 - Compatibility of Palladium and Platinum with UO2 at 1400 C Based on

Alpha Count Data ......................................................

7 - Status of Irradiation Experiments .......................................

8 - Results of Stress-Rupture Tests of Irradiated Specimens at 650 C ..........
9 - Irradiation Details of the Shielded-Unshielded Experiment ................ .

10 - Chemical Analysis of A-286, Heat C2527...............................
11 - Results of Stress-Rupture Tests of Unirradiated A-286 Specimens at 650 C

12 - A-286 Control Stress-Rupture Test Data...............................

13 - Hastelloy X Control Stress-Rupture Test Data...........................

14 - Rene' 41 Control Stress-Rupture Test Data.............................

15 - Summary of Strain Measurements, Stand No. 4-...........................

16 - Strain Measurements, Trial Run No. 1, Stand No. 4.................... .

17 - Results of Fatigue Testing ... . .......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
18 - Properties of Foamed BeO Containing Various Proportions of Refractory

Grade and UOX Grade BeO .-.-.-.-.-.-.-.-.-.-.-.................... - -.--..-.--.- -.-.

6

UNCLASSIFIED

10

10

16
21
23

24
32
35
35
36
36
38
39
40
45
45
49

60



UNCLASSIFIED

1.INTRODUCTION

This report is the unclassified portion of the seventh in a series of monthly reports of

the work in process on materials development for the Atomic Energy Commission under

Contract AT(40-1)-2847.

Included is a summary of the work from October 15 to December 15, 1961, on five of the

eighteen specific development programs in process. Five of the remaining programs are

reported in the classified portion of this report, GEMP-7, Part B. The other seven, in-

volving the development of ceramic fuel materials, are reported in alternate months.

7-8
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2. METALLIC FUEL ELEMENT MATERIALS FOR

GREATER THAN 12000C OPERATION IN
OXIDIZING ATMOSPHERES

(57001)

The objective of this work is to develop a fuel material combination capable of operating
to greater than 12000 C for longer than 1000 (preferably longer than 10,000) hours in an
oxidizing atmosphere with negligible fission fragment release.

Fe-Cr-Al-Y ALLOYS

Metallographic examination of the oxidized specimens of Fe - 25 Cr - 4 Al - 1 Y alloy
(MS-16) was completed, except for electron microprobe analysis. It was determined that,
initially, internal oxidation occurs in the grain boundaries along with surface scale forma-
tion. Depletion of the second-phase YFe9 occurs during prolonged testing. Measurements
of external scale thickness, grain boundary oxidation, and YFe9 depletion zone on the
0.170-inch-diameter specimens are given in Table 1 for various temperatures and test
times up to 1000 hours. Measurements of YFe9 depletion in 0.126- and 0.050-inch-diameter
specimens are given in Table 2. These data are plotted as the depth squared as a function
of time in Figure 1 in order to show possible parabolic behavior. The growth of the surface

oxide and the depletion of the YFe9 phase both appear to be parabolic, while internal or
grain boundary oxidation is not. Apparently, grain boundary oxidation occurs rapidly during
initial testing, and the degree of penetration is not particularly temperature dependent.
The rapid internal oxidation may be responsible, at least in part, for the relatively high

initial rate of oxidation reported previously .* Grain boundary oxidation at 1200C and 1425C
is shown in the photomicrographs of Figure 2. The grain boundary oxides appear to per-

form two functions: they anchor the surface oxide, and they retain a fine grain size at the
surface. The surface oxide apparently grows by diffusion of oxygen ions across the oxide

layer to the oxide-metal interface. This is shown clearly in the figure where, at 1425*C,
the surface oxide is growing around a grain boundary oxide.

At 1315 C, cracking of the surface oxide occurs, apparently caused by differences in the

coefficient of thermal expansion between the surface oxide and the matrix. Another factor

was apparently the thickness of the oxide.

Rod specimens, 0.170 inch diameter, were tested at 1250 and 1315*C and thermal cycled

at intervals of both 20 and 100 hours. The 1315C, 100-hour-cycle specimens cracked after

300 hours (3 cycles). The oxide scale on the 20-hour-cycle specimens cracked at the same
weight gain level and approximately the same time as the 100-hour-cycle specimens. The
1250*C specimens that did not crack showed a low weight gain after 500 hours. These data

indicate that oxide thickness is the primary factor in the cracking of the surface oxide.

*GEMP-5A, "High Temperature Materials Program Progress Report No. 5, Part A," GE-NMPO, November 15, 1961, p. 10.
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TABLE 2

MEASUREMENTS OF YFe9 DEPLETION IN 0.126- AND 0.050-INCH-DIAMETER
Fe-Cr-Al-Y SPECIMENS

Specimen Specimen Diameter, Temperature, Time, YFe 9 Depletion,
No. mils 0C hr mils

2200-23 50 1200 248 5.1
-26 50 1200 478 7.2
-28 50 1200 638 7.3
-33 126 1200 92 4.2
-35 126 1200 248 6.2
-36 126 1200 638 8.9

2400-23 50 1315 92 9.0
-26 50 1315 318 18.2
-28 50 1315 568 Complete
-31 50 1315 728 Complete
-32 126 1315 92 8.0
-34 126 1315 318 16.0

-36 126 1315 638 21.9
-37 126 1315 728 23.9

UNCLASSIFIED

UNCLASSIFIED

TABLE 1

OXIDE THICKNESS, GRAIN BOUNDARY OXIDATION, AND YFe9

DEPLETION IN 0.170-INCH-DIAMETER Fe-Cr-A1-Y SPECIMENS

Specimen Temperature, Time, Oxide Thickness, Grain Boundary YFe9 Depletion,

No. C hr mils Oxidation, mils mils

485 1095 925 0.2 5.7 5.9

486 1200 1 - 0.9 -
487 1200 40 - 2.6 3.5
488 1200 290 0.29 4.8 6.7

490 1200 540 0.47 5.2 8.5
492 1200 768 0.50 6.1 10.6

494 1200 1016 0.60 6.2 11.6

497 1200 1 0 00 a 0.52 4.9 11.5
498 1315 1 - 0.5 0.7
499 1315 40 0.30 2.9 6.6

500 1315 130 0.52 3.9 9.9
501 1315 290 0.75 4.5 14.7

502 1315 450 0.93 5.9 17.8

503 1315 630 1.40 5.7 18.0
504 1315 768 0.90 6.8 20.4
505 1315 858 1.30 6.8 22.6

506 1315 1016 0.92 7.7 25.0
507 1315 1 4 0a 0.70 3.5 11.7

508 1315 3 0 9 a 1.00 4.9 17.5
509 1315 5 7 5 a 1.04 6.0 21.8

510 1315 1 0 0 0 a 1.51 7.9 28.2

511 1425 1 - 1.0 -
519 1425 588 3.20 6.8 -

aIsothermal, other specimens were cycled at either 20- or 100-hour intervals.

There was no difference in results and cycle time was not identified.



UNCLASSIFIED

1.0

0.8

0.6

0.4

0.1

200 400 600 800 10000

TIME, hours

Fig. 1-Surface oxide growth, internal oxidation,and YFe9 depletion as a
function of time for Fe-Cr-Al-Y alloy (MS-16) at various temperatures
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Fig. 2-Grain boundary oxidation in Fe-Cr-Al-Y alloy at 12000C and 1425oC
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The nature of the cracking is shown in the photomicrograph, Figure 3, where the oxide has
formed under the crack. This indicates, again, that the oxide forms at the metal-oxide
interface. There appears to be an increase in oxide penetration and probably a greater
depletion of aluminum and yttrium in the immediate area underneath the cracks.

Measurements on the depletion of the YFe9 phase, tabulated in Table 2, follows a para-
bolic time relationship, the rate-controlling step being a surface reaction. As shown in
Figure 1, the rate of YFe 9 depletion increases at 1315 C as the specimen diameter is in-

creased. The surface area remains constant, but the interfacial area between the depleted

zone and the matrix-plus-YFe 9 zone decreases as the depletion of the YFe 9 phase occurs.
This depletion of yttriumfrom the material is only a portion of the oxidation effect. Alumi-
num depletion is probably more important since complete yttrium depletion does not result
in failure as shown in Table 2. Further explanation of the effect of yttrium depletion will be

possible upon completion of current electron microprobe analyses.

Microstructures of a series of Fe-Cr-Al-Y specimens tested at temperatures of 10950
to 1425 C are shown in Figure 4. These show that a fine grained structure is retained at

the surface and in the matrix, but that the YFe 9 -depleted zone is coarse-grained. The de-

pleted zone is somewhat softer than the matrix, but appears to be more brittle, possibly
due to the large grain size. Cracks occurred during cutting of some of the specimens but

were not found after regrinding the specimens. At 1425 C, liquation occurs with diffusion

Neg. No. 456 5 X

Fe-Cr-AI-Y rod, 0.170-inch diameter, after 858 hours at 1315
0

C showing
surface oxide cracking

Neg. No. 567, As Polished 500 X

Cross-section of oxide crack after 1016 hours at 1315 C

Fig. 3-:Nature of oxide cracking of Fe-Cr-Al1-Y rod at 13150 C
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voids located near the center of the grains. It is desirable to eliminate the low-melting
YFe9 phase (~1350 C) from the structure to permit higher temperature operation. It is,

therefore, particularly important to determine what beneficial effects yttrium has on the

oxidation resistance. If the benefits are primarily surface effects (retention of fine grains

and oxide "anchors") it may be possible to surface "condition" an Fe-Cr-Al alloy with

yttrium to obtain the same effects. Since a fine grain size is desirable, it may be possible

to inhibit grain growth by a dispersion of oxide accomplished by internal oxidation of the

yttrium. Experiments to determine the feasibility of internally oxidizing the yttrium are in

progress. Also surface -marker experiments are in progress to determine if yttrium affects
the mode in which the surface oxide forms and if the oxide on an Fe-Cr-Al alloy forms at
the oxide-metal interface.

FUEL COMPATIBILITY STUDIES

It has previously been shown that the reaction between U02 and the aluminum in the

Fe-Cr-Al-Y can be prevented by formation of an oxide layer or barrier between the fuel

and cladding. In order to determine the methods of formation of such barriers and their

effects on the fuel reactions, simple capsule specimens of the Fe-Cr-Al-Y alloy containing
a series of enriched fuel blends were prepared and tested at 1200C and 1300C. The alpha
count data for the capsule specimens after 300 hours testing time are given in Table 3.
The capsule-wall thickness was 0.020 inch after swaging and the U0 2 core was 0.085 inch
in diameter by 0.50 inch in length. For many specimens, high alpha count measurements

occurred in the areas over the capsule plugs apparently due to reduction of fuel particles

lodged between the plug and the capsule wall. The cores presumably contained enough ex-

cess oxygen to form an A1 2 0 3 barrier between the core and the cladding, resulting in low

alpha count measurements when the plugged ends were masked. For those capsules which

had high alpha count, it was noted that darkened areas developed over the core section indi-

cating the diffusion of uranium to form UO2+x on the surface.

In general the data indicate that not only pre-oxidation of the capsule wall, but the use of
U 3 08 and the various chromium or Cr2 03 additives, are effective in preventing reduction
of the fuel. However, X-ray examination revealed that in some cases relatively poor con-

tact was maintained between the core and the cladding. This was particularly true of the

pre-oxidized specimens. In order to obtain increased core density and maintain good con-

tact, one new specimen of each type of blend was alternately heated to 1300*C and cold-
swaged three times andthen tested at 1300 C for a total of 270 hours. Specimens containing

U02 , U3 08 and prefired U0 2 -Cr 2 O3 were eliminated due to cracking during swaging. The
data for the remaining four specimens are given below:

Alpha Count (cpm/in2 ) After 270

Specimen No. Fuel Blend Hours At 1300C, Core Onlya

2-G 1 U0 2 .1 U 3 08  25,260

4-F 3 U02 .3 U 3 08 .4 Cr 60

5-F 3 U 3 08 -4 Cr 100

6-C 9 U0 2 .2 Cr2 O3  50

aEnd plugs masked

Metallographic examination of these specimens shows that considerable sintering of the

cores occurred and good core-clad contact was maintained as a result of the swaging oper-

ation. The cross-sections through the cladding of these specimens is shown in Figure 5.

The U02 -U3 08 blend resulted in internal grain boundary oxidation of the cladding rather

than formation of a continuous A1 2 03 barrier. This is probably due to the high mobility of

UNCLASSIFIED
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TABLE 3

ALPHA COUNT DATA AFTER 300 HOURS TESTING TIME FOR FUELED

Fe-Cr-Al-Y (MS-16) CAPSULES AT 1200 C AND 13000C

Alpha Counts,
Specimen Capsule Temperature, cpm/in 2  Contact

Fuel Blend No. Treatmenta C Total Core Onlyc (Core-Clad)

U0 2
U02
U02
U02
U02

1 U02 -1U 308

1 U021 U30 8
1 UC 2 .1 U308
1 U02-1U 308

1Uc 2 -1 U3 08

U 3 08
U 3 08
U 3 08
U 308
U 3 08

3 UO-3 U 30 8.4 Cr
3 UO2.3 U 308 -4 Cr
3 UO2.3 U 3 08 .4 Cr
3 UC-3 U 3 08 -4 Cr

3 U308.4 Cr
3 U 308.4 Cr
3 U 308. 4 Cr
3 U 3 0 8 .4 Cr
3 U 3084Cr

9 UO2 -2 Cr2 03
9 UO 2 2 Cr2 O3
9 UO 2 -2 Cr2 O3
9 UO 2 2 Cr2 O3

9 U0 2 -2 Cr2 03

9 UO22 Cr2 03 b
9 U0 2.2 Cr2 03
9 UO 2 -2 Cr2 O3

1 -G
1-D
1-B
1-H
1-A

2-B
2-F
2-A
2-H
2-C

3-B
3-A
3-F
3-H
3 -D

4-B
4-E
4 -G
4-D

5-D
5-E
5-B
5 -G
5-C

6-I
6-F
6 -G
6-A
6-B

7-1
7 -G
7-D

1
2
3
1
2

1200
1200
1200
1300
1300

1200
1200
1200
1300
1300

1200
1200
1200
1300
1300

1200
1200
1300
1300

1200
1200
1200
1300
1300

1200
1200
1200
1300
1300

1200
1300
1300

14,410
30

100
19, 990

60

39,350
30

100
18, 190

30

70
20
20
30

0

270
10

250
50

720
120
120

3,300
3,140

710
80

180
30

120

100
40
20

130
20
30

18, 930
10

9,610
20
40

9,810
20

10
0

10
0
0

10
0

10
20

20
0

10
0

70

0
0

10
20

0

40
40
10

Good
Poor
Good
Good
Poor

Good
Good
Good
Good
Good

Poor
Poor
Poor
Good
Poor

Good
Good
Good
Poor

Good
Poor
Good
Good
Good

Good
Good
Good
Poor
Poor

Poor
Good
Good

aCapsule Treatment - (1) As-machined and -swaged.

(2) Oxidized at 12000 C, 16 hours.

(3) Oxidized and swaged.
bFired in air at 1250 0C.
cEnd plugs masked.
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Fig. 5- Grain boundary of Fe-Cr-Al-Y-U0 2270 hours at 13001C
compatibility specimens after
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oxygen through U3 08 relative to the mobility of aluminum in Fe-Cr-Al-Y alloy. It is pos-
sible that 100 percent U3O 8 will also cause internal oxidation rather than barrier forma-

tion. The three other specimens all formed continuous A12O3 barriers at the interface even

where cracks had occurred during swaging. The thickness of the oxide barriers measured

0.0006 to 0.0007 inch.

Nb-Al-Ti ALLOY

Investigations in the past have been aimed at an understanding of the reactions that occur
during oxidation of the Nb-Al-Ti alloy and of the alloy's lesser resistance to oxidation and

oxide spalling at 1000* to 13000C than at higher temperatures. These investigations have
been essentially completed during this report period.

Electron microprobe analyses confirm the qualitative analysis of the oxidation behavior
of the Nb-Al-Ti alloys presented in a previous report.* A summary of the microprobe
analyses of the Nb-Al-Ti and Nb-Al-Ti-Cr alloys is given in Table 4. The data are semi-

quantitative with relative intensities given. In some cases, the data have been normalized
to total 100 percent. For the Nb-Al-Ti alloy oxidized at 12000C and 1315C, some niobium
appears in the oxides which form in a two-phase structure, as shown in Figure 6. At

1425C, however, a continuous layer of A12 03 is formed adjacent to the matrix with a two-
phase oxide, TiO2 + A12O 3 , at the surface. However, a change in structure of the matrix

occurs at 14250C due to depletion in aluminum. The metallic layer adjacent to the oxide in
the 12000C and 13150C specimens is probably the Nb3 A1 identified by the X-ray diffraction.
The relatively poor oxidation resistance of Nb3 A1 is responsible for the lowered oxidation

resistance at 11000 to 1300C.

The microprobe results for the Nb-Al-Ti alloy with 6 percent chromium additions are
also given in Table 4. The microstructures are shown in Figure 7. At 12000, 13150, and
1425C, an A12O3 scale was formed. No titanium, niobium, or chromium was found in the

oxide. At 1200C, the second phase present in the matrix was identified as NbCr2 con-

taining substantial amounts of titanium and aluminum. Independent effort at GE -FP LD had

previously identified this phase as either TiCr2 or NbCr 2 , two compounds having identical
structures. The metallic layer under the oxide was apparently Nb3 A1 containing a large
amount of chromium. It is apparent, therefore, that the chromium increases the oxidation

resistance of the Nb3 A1 compound layer, permitting preferential oxidation of the aluminum

to form a continuous A12O 3 layer. At 1315*C, incipient melting of the NbCr2 phase occurs;
this conclusion was substantiated by metallographic examination of specimens heat treated

in an argon atmosphere. At 1425C, further changes in structure occur due to the depletion

of aluminum and titanium from the matrix.

Considering this analysis of the oxidation behavior and of the structural changes that

occur during oxidation, together with the brittleness and the relatively low melting points,
the continuation of the effort on the Nb-Al-Ti alloy does not seem to be warranted. A
topical report will be issued summarizing the Nb-Al-Ti alloy investigations.

NOBLE METALS

The objective of the noble metals work is to determine the stability in air of noble metals
and their alloys at temperatures ranging from 12000 to 2400*C. Evaluations of the more

promising materials in combination with various uranium fuels will be made using simple
laboratory tests to determine the ability of such materials to contain fuel at high tempera-
tures. During this report period, the emphasis has been on the problem of obtaining long-

time test data at 18000 C in air using the furnace equipment developed during the previous

report period. In addition, the ability of palladium and platinum to contain UO2 at tempera-

tures of 14000C has been studied.

*GEM1P-5A, "High Temperature Materials Program Progress Report No. 5, Part A," GE-NMPO, November 15, 1961, p. 13.
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Fig. 6-Microstructures of Nb-Al-Ti alloy oxidized in air at 12000 C, 13150 C, and 14250 C
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Fig. 7-Microstructures of Nb-Al-Ti alloys with chromium additions oxidized in air at
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TABLE 4

ELECTRON MICROPROBE RESULTS ON Nb-Al-Ti AND
Nb-Al-Ti-Cr ALLOYS

Analysis, weight percent
Ti Al Nb Cr

Nb-Al-Ti Alloy

Specimen 35F - 113 hours at 12000C

Matrix
Light oxide
Dark oxide
Phase next to oxide

Specimen 35C - 110 hours at 13150
C

Matrix
Light oxide
Dark oxide
Phase next to oxide

Specimen 35B - 20 hours at 14250C

Matrix
Light oxide
Dark continuous oxide

Nb-Al-Ti-Cr Alloy

Specimen 39A - 108 hours at 1200 C

Matrix
Oxide layers
Layer under oxide
Second phase in matrix

Specimen 40C - 110 hours at 13150
C

Matrix
Oxide layer
Layer under oxide

Specimen 40A - 110 hours at 14250C

Matrix
Oxide layer
Layer under oxide

34 30.8 35.2
24.5 16 0
14 9.5 7
23.4 21.4 55.2

31.7 31.7 36.6
28 0 14.5
3 17 0

23 4 22

35.8 23.8 40.4
18 6 0
0 20 0

31 23.8 33.7 5
0 40 0 0

16.5 13 55 15
12.5 13.5 50 24

29.7 23 40.0 5
0 39 0 0

15

30.2 23.7 39 5
0 37 0 0

15

Previous work has established that, at temperatures to 1400 C, a loss of metal from

platinum, rhodium, and iridium results from sublimation of the oxide, while palladium

losses result from direct evaporation of metal. Efforts to prevent these losses by means

of physical barriers of oxides or homogeneous metal films have been continued in the hope
of utilizing the high-temperature properties of rhodium and iridium. The data to date indi-

cate that the practical limitations for the noble metals investigated are as follows:

Palladium
Platinum
Rhodium
Iridium

12000 to 13000C
14000 to 1500 C
16000 to 1650'C
>2000*C, provided a suitable coating can be developed

Development work has been completed on a resistively heated tungsten rod furnace. The
maintenance-free operation of this furnace for more than 100 hours at 1800 C has been
demonstrated. The furnace was used during this report period to test rhodium and iridium
in flowing air and rhodium in argon at 18000C for time periods up to 84 hours. The thick-
ness-loss data obtained for these two noble metals as a function of time at 1800 C is shown
in Figure 8. These data show that the volatility of rhodium in flowing air increases by a
factor of 20 from the rate previously established at 16000C. By extrapolation, 100 percent
loss of rhodium (0.010 inch per side) would occur in about 220 hours at 18000C. After 34
hours testing in air at 18000C, an atmosphere of flowing argon was introduced and the loss
of rhodium was sharply arrested. A similar effect was noted for the series of tests at

UNCLASSIFIED

21



UNCLASSIFIED

TIME, hours

20 40 60 80 100

Fig. 8 -Thickness loss versus time for rhodium and iridium sheet specimens
at 1800 C in flowing air and argon

UNCLASSIFIED

22

o
0

-0.00 1

-0.00 2

s

w -0.003
a~

W
Z
Y

p-0.004
-J

Z

-J

O
W

-0.005

-0.006

-0.007

v

II

II

IALI
RH ODIUM

AIR FLOW ARGON FLOW
3.85 IN./SEC 3.85 IN./SEC

IRIDIUM

ESTIMATED 100-PERCENT
LOSS IN 60 HOURS



UNCLASSIFIED 23

1400*C and 1600*C in argon and, with this new data for 1800 C tests, supports the conclusion
that rhodium weight losses are due to oxide sublimation.

At 1800 C in flowing air, iridium shows the rapid evaporation previously observed at

lower temperatures, but the rate of evaporation is not appreciably greater than that ob-

served at 1400 C and 1600 C. In 26 hours at 1800C, approximately half the original thick-
ness of the iridium was lost; and it is estimated that 100 percent loss (0.010 inch per side)
would have occurred in about 60 hours. Iridium was not tested in flowing argon, but pre-
sumably the loss would have been sharply arrested as in the case of rhodium.

Previous data have shown that palladium evaporates rapidly at 1400 C in flowing air but
only slightly at 1200 C. Palladium, then, may be considered only for fuel element applica-
tions under 1300 C, where long-life considerations, such as portable power reactors or
marine power plants, warrant the added cost of a noble metal fuel element. The excellent
stability of palladium at 1000 C was demonstrated during this report period, when three
standard sheet specimens, 0.020-inch thick, weighing 1 grameach, were tested in flowing
air for 262 hours. The specimens were removed from the furnace periodically and weighed.

The weight-gain data are shown in Table 5 and indicate a negligible oxidation or evapora-
tion of the palladium sheet.

TABLE 5

STABILITY OF PALLADIUM AT 1000 C IN FLOWING AIRa

Net Weight Gain, mg/in2

Specimen No. 23 hr 94 hr 145 hr 262 hr

1 0.6 0.2 0.3 0.6
2 -0. 1 (loss) 0. 1 Nil Nil

3 0.2 0.4 0.1 0.3

Average 0.23 0.23 0.13 0.30

aAir flow rate of 3.85 inches per second over specimens.

Preliminary studies were made during this report period of the ability of noble metals to
contain UO2 at temperatures exceeding 1200 C. Simple capsules were made of tubing of
palladium and platinum and loaded with a blend of palladium powder containing 45 volume
percent UO2 (93% enriched). The tubing was 0.125 inch in diameter with 0.020-inch wall
thickness. The ends were sealed by welding in plugs of palladium to form a capsule 0.875-
inch long with a fuel core length of 0.50 inch. To insure a core of high density and good
contact with the capsule wall, the sealed capsules were heated at 1115C in argon for one
hour to sinter the core material, and then cold-swaged for a reduction of about 20 per-

cent. This sintering and swaging treatment was repeated, leaving the capsule with a final
diameter of 0.090 inch and a wall thickness of about 0.015 inch. Radiographic inspection

revealed minor voids at the ends of the fueled cores but good contact between the core and
cladding. Alpha-count measurements of surface activity were made. Two capsules were
rejected because of excessive activity: apalladiumtube that cracked during swaging and a
platinum tube that had fuel contamination of the weld. The remaining four capsules were
tested at 1400 C in static air and removed periodically for alpha measurements. These
alpha count data are shown in Table 6.

Both platinum capsules cracked longitudinally after 24 hours of testing and tests were

discontinued. This was not associated with reactions of the fuel with platinum. The palla-
dium capsules remained intact and were still on test at the end of the report period. These
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TABLE 6

COMPATIBILITY OF PALLADIUM AND PLATINUM WITH
UO 2 AT 14000 C BASED ON ALPHA COUNT DATA

Alpha Count Per Minute From Core Areaa
Test Time, hr Pd-1 Pd-3 Pt-4 Pt-5

0 5 3 2 13
24 18 8 30 3b 172b
47 1 11
117 3 15
157 3 6
185 2 11
282 4 5
300 5 9

aArea exposed to counter approximately 0.07 square inches.

bCapsule cracked, test discontinued.

capsules had lost less than 5 percent in weight, which represents a loss in cladding thick-
ness of about 0.001 inch. On the basis of data up to 300 hours, palladium appears compat-
ible with UO2 at 14000C.

LONG-TIME IRRADIATION TESTS OF 80 Ni - 20 Cr FUEL ELEMENTS

Currently, consideration is being given to the use of a HTRE-1-type reactor employing
concentric ring 80 Ni - 20 Cr fuel elements in a maritime application. This application re-
quires substantially longer fuel-element life at more moderate temperatures than was re-
quired for the ANP application. Accordingly, an irradiation test is being prepared to

evaluate in a preliminary way the performance of the basic 80 Ni - 20 Cr fuel ribbon under

conditions producing a burnup of approximately 25 percent of the U2 3 5 atoms at a tempera-
ture of approximately 870 C. The irradiation test will be conducted in the F-2 facility of

the ORR.

Specimen temperatures will be measured by thermocouples attached directly to thin
80 Ni - 20 Cr tabs bonded to the uncooled surface of the specimen. During the test, con-

tinuous effluent monitoring will be conducted by means of an ionization chamber located on

or around the main effluent line. Provision will be made for sampling the effluent so that
if high activity is detected, the presence of fission products can be confirmed. Tentative

plans call for the in-pile test to begin about March 1, 1962. The test will consist of ap-
proximately 2000 hours of accumulated radiation exposure at an indicated specimen
temperature of 7600 to 870 C. It is anticipated that the test will be continuous with the
exception of shutdowns required for other experiments and reactor shutdowns until 2000
hours are accumulated, unless a significant increase above background activity is detected
in the effluent air stream.

Fuel ribbon remaining from the ANP program and suitable for this experiment is
limited. A 5-inch long section of 3-inch wide warm-finished 80 Ni - 20 Cr ribbon contain-
ing 37 percent enriched UO 2 is to provide the small plate samples for the test. Substantial
quantities of cladding stock are available for use in edge-sealing experiments.

WORK PLANNED FOR NEXT PERIOD

Fe-Cr-Al-Y Alloy

Analysis of oxidation behavior will be completed. Possible methods of improving the

high temperature behavior of the alloy will be investigated. Testing and evaluation of
alloy-U0 2 compatibility specimens will be continued.
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Nb-Al-Ti Alloys

Further work does not seem to be warranted; a topical report summarizing the work on
this alloy system will be prepared.

Noble Metals

Stability tests of rhodium and iridium in air at 1800 C and higher will be continued.
Coatings for iridium that will provide stability at 200 0 C and higher will be investigated.
Evaluations of palladium as fuel element material for long life service at 1000* to 1200*C
will be continued.

80 Ni - 20 Cr Fuel Elements

Irradiation test capsule will be prepared for F-2 facility of ORR. Fabrication and eval-
uation of specimens of 80 Ni - 20 Cr fuel elements to insure highest quality of specimen
for in-pile testing, will continue.
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3. HIGH -TEMPERATURE CONTROL MATERIALS

(57002)

The objective of this program is to develop nuclear control materials capable of operat-
ing at 11000 to 12000C in high performance reactors.

Previous work has defined the capabilities of nickel and nickel-base alloys (80 Ni -
20 Cr) in combination with Eu2 O3 for service in air to 980C. Subsequent work has been

concerned with attempts to obtain more oxidation-resistant control-materials compositions
using dispersions of Eu2 O3 in the highly oxidation resistant Fe-Cr-Al-Y and Fe-Cr-Al
alloys. The discovery of a deleterious reactivity of Eu2 03 with the aluminum content of
these alloys has terminated interest in these systems.

Present work has been concernedwith dispersions of Eu2 O3 in the Fe-Cr-Y alloys. Data
obtained during this quarter reveals the yttrium content of these alloys to be reactive with
Eu203 and makes the value of further work on this system questionable. Research on this
ferrous-base alloy system is being de-emphasized in favor of control materials of very
high temperature capabilities for long-time use in gas-cooledreactors. A Pd-Eu2 O3 com-
bination would appear to possess long time (10,000 hours) service capabilities in air to at
least 1300 C. This is compared to a maximum temperature capability for control elements
of the nickel-base alloy in combination with Eu2 O3 of approximately 900*C.

To further support the development of refractory metals technology for ultrahigh tem-
perature reactor applications, work was also started during this reporting period on con-
trol materials combinations of europium oxides and the refractory metals tungsten, rheni-

um, tantalum, molybdenum, and niobium.

Fe - 30 Cr - 1 Y - Eu203 RESEARCH

The Fe - 30 Cr - 1 Y clad Fe - 30 Cr - 1 Y - 43 Eu2 O3 rod, which was extruded during
the last report period, was cut into 1-inch segments for oxidation resistance evaluations.

With the Eu20 3 -containing core exposed at the ends of these specimens, oxidation evalu-
ations were conducted in air at 9800, 10950, and 1205*C for periods ranging from 50 to 500
hours.

Each specimen was submitted to a post-test metallographic examination to determine the
nature and extent of oxidation of the exposed Eu 2 O3 -containing core composition. The oxi-
dation penetration data obtained are shown graphically in Figure 9. After an exposure of
50 hours at 980 C, an oxidation penetration in excess of 30 mils was obtained. The 1205C
test was discontinued after 100 hours because of the catastrophic rate of oxidation. The
Fe - 30 Cr - 1 Y alloy normally is subject to an oxide penetration of less than 1 mil in 100
hours at 980 C. At 1200 C, an oxide penetration of approximately 5 mils occurs in 500
hours. These data show the Fe - 30 Cr - 1 Y matrix composition in contact with Eu20 3 to

be readily susceptible to air oxidation. The cladding of these specimens exhibited the nor-
mal good oxidation resistance characteristic of the Fe - 30 Cr - 1 Y alloy.

27
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Fig. 9 -Oxidation penetration as a function of time for Fe - 30 Cr- 1 Y - 43
weight percent Eu2 03 reacted in air at various temperatures

The results of a metallographic and electron beam microprobe analysis of a specimen
that was heated for 100 hours in air at 980 C is shown pictorially in Figure 10. Figure 10A
shows the macrostructure of one end of the specimen. The extent to which the oxidation
products of the core composition have bulged out beyond the end of the specimen as de-
fined by the cladding geometry is indicative of the poor oxidation resistance of the Fe -
30 Cr - 1 Y core matrix in contact with Eu2 03 in comparison with the good stability ex-
hibited by the Fe - 30 Cr - 1 Y cladding. The significant extent of longitudinal penetration
of oxidation products into the core are also revealed in this macrostructure photograph.
Figures 10B, C, D, and E reveal the microstructure of various indicated areas of the macro-
structure shown in Figure 10 A. A detailed electron-beam microprobe analysis of indicated
phases of the microstructures shown in this figure provides data as to the chemical com-
position of these structures.

These data explain the abnormally poor oxidation resistance of the Fe - 30 Cr - 1 Y core
matrix. Where originally the yttrium content is present as a component of the metallic
Fe-Cr-Y matrix, these electron-beam microprobe compositional data show only iron and
chromium in the metallic phases of the matrix. Even the cladding close to the core shows
yttrium-free metallic phases. The yttrium content of the core is found in association with
the europium oxide phases, presumably as aY2 03 reaction product. Since some evidences
of europium are found in the matrix metallic phase of Figure 10C, the presence of some
metallic europium is suspected.

In consideration of the above, a chemical mechanism involving the reduction of europium
sesqui-oxide by elemental yttrium to produce yttrium sesqui-oxide and a lower oxide of
europium or elemental europium is indicated. Since the yttrium content of the Fe - 30 Cr -
1 Y alloy is essential for satisfactory oxidation resistance and a satisfactory level of this
element cannot be maintained in the alloy in contact with Eu2 03 , the use of this material
as a control element matrix in association with Eu2 03 has little merit. No further work
with this system is contemplated.
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Fig. 10 -Microstructure and chemical analysis of Fe - 30 Cr - 1 Y - 43 weight percent

Eu203 clad with Fe - 30 Cr - 1 Y after 100 hours at 980 C in air
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Investigations of the stability of the noble metals in air at temperatures above 1200 C

(Task 57001) have shown that palladium, platinum, rhodium, and the platinum - 30 rhodium

alloys are very stable.Surfacelossofmetalof the order of only 0.001 inch is to be expec-

ted in 10,000 hours. For use in air to 1200 C and possibly to 1300 C, palladium is of more

interest than the other noble metals since it is more plentiful in nature than all the other

noble metals. Palladium is also significantly less expensive than platinum, on a volume

basis, approximately one-tenth the cost of platinum andthe other noble metals. Palladium

is readily fabricated into sheet, rod, tubing, and wire. Such primary shapes are commer-

cially available. For applications in air above 1400 C, the higher melting point noble metals

(palladium melts at 1549 C) are indicated. To obtain material data for palladium-clad

palladium-Eu 2O3 combinations for service to 1300 C in air for periods to 10,000 hours and

for a similar use of the more refractory metals at much higher temperatures, preliminary

compatibility investigations were conducted of the noble metals in association with Eu2 O3
in air. Cold-pressed compacts of Pt - 50 Eu2 O3 , Pd - 5 Eu2 O3 and Ir - 50 Eu2 O3 were
heated in air at 1370 C and 1430 C. Specimens of the platinum and iridium compositions

were also heated to 1630 C. Exposure for two hours in air at these test temperatures re-

vealed no evidence of reactivity of the Eu2 O3 with the metallic phase and no instability of
the composite structure in air at these temperatures. Further long-time tests were under

way at the end of this reporting period, and plans were being formulated for detailed post-
test evaluations of these specimens.

For high temperature gas-cooled reactors which employ non-oxidizing working fluids,

such as hydrogen, helium, or neon, the refractory metals tungsten, tantalum, molybdenum

and niobium are of interest. Fuel element programs utilizing these metals in combination

with uranium oxide fuels are being studiedunder Job 57005 for use at temperatures above

1900 C. Work was initiatedunder this task duringthe latter part of this reporting period to

obtain materials data for combinations of the refractory metals and europium oxides for

high temperature control element applications in non-oxidizing atmospheres. Cold-pressed

powder compacts of Mo - 50 Eu2 O3 , W - 50 Eu2 O3 , Ta - 50 Eu2 O3 , Nb - 50 Eu2 O3 , and

Re - 50 Eu2 03 (all compositions in weight percent) were prepared. Specimens of each

composition were heated in hydrogen to 1370 C. All specimens showed evidence of reac-
tivity with the europium sesqui-oxide phase.

Work was being conducted at the end of this reporting period to determine if the reduc-

tion of the europium sesqui-oxide proceeds to a lower oxide or to the metal. If the reduc-
tion is to the metal, the systems are of no interest. If the reduction proceeds to a lower

oxide, this europium compound will be investigated in conjunction with these refractory

metals for the control element application defined above.

WORK PLANNED FOR NEXT PERIOD

Work will continue on evaluation studies of Pd-Eu 2 O3 , Pt-Eu 2 O3 combinations. This will

include Pd-Pt wire-reinforced Eu2 O3 bodies.
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4.EFFECT OF RADIATION ON

HIGH-TEMPERATURE ALLOYS

(57004)

The objective of this program is to identify the cause of the observed reduction after
irradiation of the time-temperature-stress dependent properties of certain precipitation-

hardened, high-temperature alloys, and attempt to develop remedial measures.

EXPERIMENTAL PROGRAM

Irradiations

Table 7 gives the status and the descriptions of the experiments planned for this pro-

gram.

Capsule Status - The specimens from MT-27 were shipped from the Idaho Test Station
(ITS) and received at Battelle (BMI) and Evendale (NMPO). Battelle has started heat treat-

ment of the specimens that are required for experiment No. 2 (the determination of the ef-

fect of a complete reheat treatment following irradiation and prior to testing). Rupture

testing has started at both NMPO and ITS on specimens from capsule MT-27. BMI will init-
iate rupture testing of MT-27 specimens in early January.

Irradiation of MT-38, containing 81 tensile and rupture-test specimens, was completed.

The capsule was disassembled at ITS andthe specimens were separated, packed, and sent
to the assigned testing locations.

Capsule MT-43, containing 81 specimens, is being disassembled at ITS.

Capsule MT-51, consisting of 90 tensile and rupture specimens and 30 pneumatic fatigue

specimens, was shipped to Idaho on December 4. The capsule is scheduled to be irradiated

to a dosage of 3 x 1019 nvt (En ? 1 Mev) during E TR cycle 43 starting December 25. Cap-

sule design was such that the 90 tensile and rupture specimens will be irradiated at 870 C,

10 of the A-286 fatigue specimens will be irradiated at 540C, and the remaining 20 fatigue

specimens, 10 A-286 and 10 Rene' 41, will be irradiated at 650C.

Final plans are being made for the capsule design and the test conditions for experiments

No. 6 and 8. Experiment No.6 is designed to determine the effect of boron concentration in

the alloy on radiation damage to stress-rupture strength. Specimens from several heats of

the A-286 alloy containing different boron concentrations will be exposed under similar

neutron dosages and temperatures. Experiment No. 8 is designed to determine the mini-

mum dosage level causing a detectable damage to stress-rupture strength. The tests will
be performed on alloys of Rene' 41, A-286, and Hastelloy X, and initially at one tempera-

ture. The tentative neutron dosages in a water-moderated test facility have been estab-
lished at ~,1015 and ~1017 nvt (En 1 Mev).
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TABLE 7

STATUS OF IRRADIATION EXPERIMENTS

Experiment
No. Description Comments

1 Determination of the influence of
~3 x 10 19 nvt (fast) on high-tem-
perature tensile and stress-rupture
properties.

2 Determination of the effect of com-
plete reheat treatment following
irradiation and prior to measure-
ment of tensile and stress-rupture
strength.

3 Determination of the effect of high
solutioning temperatures prior to
aging, on radiation damage to
stress-rupture properties.

4 Determination of the effect of under-
aging and overaging on radiation
damage to stress-rupture strength.

5 Simultaneous irradiation at pile
ambient temperatures of shielded
and unshielded stress-rupture
specimens of A-286. Shielded
specimens will be exposed to 1 to
2 orders of magnitude lower ther-
mal neutron dosage.

6 Determination of the effect of boron
level on radiation damage to stress-
rupture strength (four special heats).

7 Determination of whether irradiation
at pile ambient temperatures induces
strain-rate embrittlement.

8 Determination of the minimum dosage
level causing detectable damage to
stress-rupture strength.

9 Determination of the effect of radi-
ation on relaxation characteristics.

10 Determination of the effect of radi-
ation on high temperatures.

11 Determination of the effect of radi-
ation on the stress-rupture proper-
ties of welded joints.

1. MT-27 disassembled and specimens shipped
to testing sites. Testing initiated.

2. MT-38 disassembled and specimens shippedto
testing sites.

3. MT-43 at ITS for disassembly and shipment.
4. MT-51 at ITS for irradiation. Cycle to start

approximately 12/25/61.
5. Testing of unirradiated controls 80% complete.

1. Refer to comments under experiment No. 1,
MT-27, -38, -51.

2. Unirradiated control tests 80% complete.

1. Refer to comments under experiment No. 1,
MT-43.

2. Unirradiated controls tests 50% complete.

1.

2.

3.

4.

MT-27 - Testing complete.
MT-38 - Specimens at testing sites.
MT-51 - At ITS awaiting irradiation.
Unirradiated controls 60% complete.

1. Tests completed and reported.

1.
2.

Specimen manufacture 50% complete.
Dosage and irradiation facility requires
resolution.

1. Awaiting irradiation in Oak Ridge - expected
to start in mid- February.

1. Dosage and irradiation facility requires
resolution.

1. A-286 specimen manufacture - 80% complete.
2. R-41 specimen manufacture to be initiated.
3. Irradiation facility unassigned.

1. MT-51 at ITS awaiting irradiation.
2. Unirradiated controls 25% complete.
3. Additional irradiation being considered.

1. MT-51 at ITS awaiting irradiation.
2. Unirradiated control specimens in process

of manufacture.
3. Additional irradiation being considered.
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Capsule Thermodynamics - Capsule MT-51 contains 120 specimens for fatigue or tensile
and rupture testing. The irradiation test conditions require air coolant flow of about 10
pounds per second through the E TR 99 facility. The temperature of the inlet air is expected

to be about 425 C at a pressure of 200 psia. Temperature control of the specimens will be
maintained by film temperature drop from the surface of the specimens to the coolant air.
Variations in mass flow and inlet air temperature will be used to control the temperature.
The cartridge contains two test sections: (1) an upstream section containing 10 A-286
fatigue specimens for 540*C irradiation, and 10 A-286 fatigue specimens and 10 Rene' 41
fatigue specimens for 650 C irradiation; and (2) a downstream section containing 38 Has-
telloy X and 52 Rene' 41 tensile specimens to be irradiated at 870'C. The specimens are
contained in rectangular 310 SS cans, and each section is independently orificed. Tempera-
ture measurements will be obtained from seven specimen thermocouples in the upstream
section and eight in the downstream section. In addition, each section contains thermo-
couples for measuring inlet and exit air temperatures. Both cans are contained in a 304 SS
circular structural shell to which the drawbar assembly is attached. Temperatures of
structural components will be monitored by five thermocouples located in the test assem-
bly. Static pressure taps are provided in the downstream test section for pressure meas-
urements.

The cartridge is to be located axially in the M-7 99 facility so that the peak of the power
profile occurs at the center of the cartridge. The cartridge will be pulled into the reactor
after a steady-state condition at 175 megawatts has been attained following startup. De-
pending to some extent on the positions of control rods 7 and 11, the peak of the power pro-
file is expected to be from 0 to 4 inches below the centerline of the core. The total irrad-
iation exposure required is approximately 3 x 1019 nvt (En > 1 Mev) or 730 megawatt-days.

The predicted temperatures across the specimens in capsule MT-51 are plotted as a
function of the specimen row number in Figure 11 for the tensile bars and in Figure 12
for the fatigue bars.

Post-Irradiation Data

Capsule MT-27 Specimen Tests - Testing of samples from experiment No. 4 has been

initiated. These samples were irradiated in capsule MT-27 to a dosage of approximately

3 x 1019 nvt (En 1 Mev) and at a temperature of about 540 C. Experiment No. 4 was per-

formed to determine the effect of underaging and overaging on radiation damage to stress -
rupture strength. Preliminary observations based on the few data points now available

1000 --
Average air flow
0.5 lb/sec

c14

0 0

w

600

1 3 5 7 9 11

SPECIMEN ROW NUMBER

Fig. 11 - Predicted tensile specimen temperatures for capsule MT-51
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Fig. 12-Predicted fatigue specimen temperatures for capsule MT-51

indicate that the 100-hour rupture strength for overaged material is reduced from 93,000
psi to about 81,000 psi.

Capsule MT-35A, -35B, -36 Specimen Tests - The rupture testing and preliminary anal-
ysis of the test data for the MT-35A, -35B, and -36 Specimens were completed for exper-
iment No. 5. In this experiment, shielded andunshielded samples of A-286 were simultan-
eously irradiated, at an ambient water reactor temperature of 36*C, in a capsule designed
so that several samples would be exposedto a higher thermal neutron dosage than others.
The purpose was to determine if transmutation of boron by thermal neutrons affects rup-
ture properties. The material for these tests was taken from a single bar (heat C2527). As
received, the bar was 5/8 inch in diameter, mill-annealed, and centerless-ground.

Two capsules using 304 stainless steel sheet with 1 percent B1 0 added, and one capsule
of similar design but without the B1 0 addition, were fabricated. The loaded capsules were
irradiated in the C-48 facility of the LITR. After exposure to a fast flux of approximately
2.6 x 1016 to 3.5 x 1016 nvt (En > 1 Mev) for about 6 hours, the specimens were stress-
rupture tested at 650*C. The resulting data are presented in Table 8. Preliminary data on
the neutron dosimetry for these tests are given in Table 9. The chemical analysis of the
alloy of A-286 (heat C2527) used in these tests is listed in Table 10.

For purposes of comparison, several unirradiated specimens (smooth and combination
bars), of the same heat and with the same heat treatment, were rupture-tested at 650C
over a series of stresses. The test results are shown in Table 11. Both the irradiated and
unirradiated specimens were heat-treated as follows:

900*C - 2 hr - oil quench

720*C - 16 hr - air cool

650*C - 16 hr - air cool.

The data obtained from the unirradiated tests are presented graphically in Figure 13.
These data were statistically analyzed using the least square method to calculate the
curve of best fit, which is shown as the solid line. The nominal 3 standard deviation band
(lower side of the band) was calculated from deviations of the test data, and is represented
by the dashed line. The results of the tests on irradiated specimens tested at 650*C are
also presented in Figure 13.

The results of the stress-rupture tests of the irradiated combination bars are also listed
in Table 8. The combination-bar data were not used in any of the statistical calculations.
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TABLE 8

RESULTS OF STRESS-RUPTURE TESTS OF
IRRADIATED SPECIMENS AT 650 0 C

Unshielded:

Specimen No. Stress, psi Rupture Time, hr Fracture Location

75L
24K
20K
25J
26J

Shielded:

76L
15J
77L
31J

50, 000
50, 000
45, 000
50, 000
40, 000

50, 000
50, 000
50, 000
40, 000

58
146

99
3.7

13.4

131
5.4

174
208

35

Reduced Section
Reduced Section
Reduced Section

Notch
Notch

Reduced Section
Notch

Reduced Section
Notch

TABLE 9

IRRADIATION DETAILS OF THE SHIELDED-UNSHIELDED EXPERIMENT

Unshielded: Neutron Flux, nvta

Specimen No. Specimen Type Capsule En > 1 Mev Thermal

75L Smooth 33MT-36 3.O x 1016 1.2 x 1017
24K Smooth 33MT-36 3.O x 1016 1.2 x 1017
20K Smooth 33MT-36 3.O x 1016 1.2 x 1017
25V Combination 33MT-36 3. 0 x 1016 1. 2 x 1017
26V Combination 33MT-36 3. 0 x 1016 1. 2 x 1017

Shielded:

76L Smooth 33MT-35A 3. 5 x 1016 2. 4 x 1016
15V Combination 33MT-35A 3. 5 x 1016 2. 4 x 1016
77L Smooth 33MT-35B 2.6 x 1016 1.6 x 1016
31J Combination 33MT-35B 2.6 x 1016 1.6 x 1016

aIrradiation time: approximately 6 hours.

Irradiation temperature: maximum of 36 0 C.
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Element

Carbon
Manganese

Silicon
Nickel
Chromium
Molybdenum
Iron
Sulphur
Vanadium
Aluminum
Titanium
Cobalt
Boron

Weight Percent

0. 047
1. 55
0.52

24. 34
15. 03

1.29
54. 05
0. 011
0. 035
0.18
2.16
0.25
0. 0051

TABLE 11

RESULTS OF STRESS-RUPTURE TESTS OF UNIRRADIATED A-286
SPECIMENS AT 650 0C

Specimen Specimen Stress, Fracture Testing
No. Type psi Rupture Time, hr Location Site

1 Combination 65, 000 65.7 Reduced Section FPLD
2 Combination 65, 000 36. 8 Reduced Section FPLD
64L Smooth 65, 000 62.0 Reduced Section NMPO
1AS Smooth 70, 000 14. 2 Reduced Section NMPO
2AS Smooth 60, 000 37.0 Reduced Section NMPO
20J Combination 57, 500 86. 0 Reduced Section NMPO
28J Combination 53, 000 190.0 Reduced Section NMPO
27AC Combination 50, 000 272. 7 Reduced Section NMPO

UNCLASSIFIED
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8 x 10 7
UNIRR ADI AT ED
AV E RAGE

6x

Li

4x

~4 Testing temperature- 6500C

Irradiation environment -
MT-35A, -35B, -36 conditions

OUnirradiated (controls)

*Irradiated, shielded
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2 x 104
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Fig. 13 - Stress-rupture properties of irradiated and unirradiated A-286 alloy
(heat C2527)

Following are the preliminary conclusions for this experiment:

1. Statistical analysis, based on the small number of tests conducted, showed that there
were no significant differences between the shielded and unshielded tests. For both
the smooth and the combination bars, however, the arithmetical averages tend to in-
dicate that some parameter that is a function of the thermal neutrons has an effect on
rupture life.

2. Since no significant differences were noted statistically, all irradiated smooth bar
data at 50,000 psi were groupedtogether; analysis showed that irradiation at 3 x 1016

nvt (En > 1 Mev), and an ambient reactor temperature, loweredstress-rupture prop-
erties with 95 percent confidence when tested at 650*C.

3. Under the conditions noted, irradiation reduced 100-hour average rupture strength
from 57,000 psi to 51,000 psi, or approximately 10 percent.

4. Under the conditions noted, irradiation caused notch weakening, as evidenced by the
results of testing the combination bars. Tests results of unirradiated combination
bars showed notch strengthening in all cases.

5. It appears that the threshold of irradiation damage to stress -rupture strength, at re -
actor ambient water temperature, is somewhat less than 3 x 1016 nvt (En 1 Mev),
assuming that the fast neutrons are primarily responsible for the measured damage.

Controls Data

Stress-Rupture - During this reporting period, 71 rupture tests were completed. Of
these, 54 specimens had been given a simulated reactor-cycle temperature treatment to
compare directly with irradiated specimens. Seventeen specimens were tested in the as-
heat-treated, as-machined condition to determine any difference in resulting properties.
This group of tests included A-286, Hastelloy X, and Rene' 41 specimens to be used for
experiments No. 1, 2, 4, and 5. The data are shown in Tables 12, 13, and 14. These data
do not include the test results obtained during the previous reporting period.* Although
sufficient data have been generated by this time to show trend curves, additional data will
be obtained so that final curves may be calculated by the method of least squares and pre-
sented in the next bimonthly report.

*GEMP-5A, "High Temperature Materials Program Progress Report No. 5, Part A," GE-NMPO, November 15, 1961,

Table 13, p. 4 5 .
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TABLE 12

A-286 CONTROL STRESS-RUPTURE TEST DATA

Rupture

Specimen Test Stress, Life, Specimen Heat Elongation,b Reduction Of Failure Distance Applicable Pre-Mfg. Pre-Test

No. Temperature, C psi hr Typea No. % Area, % From Fillet, in. Exp. No. Treatmentd Treatment

31AS 540 110, 000 32.8 S 2527 3.6 5. 5 1/8 2 Standard 100 hours at 540
0
C, solution and age in argo

34AS 540 100, 000 37.1 S 2527 5. 2 10.8 1/8 2 Standard 100 hours at 540
0C, solution and age in argo

43AS 540 100,000 88.0 S 2527 2.9 4.7 3/16 2 Standard 100 hours at 540
0
C, solution and age in argo

33AS 540 95, 000 223. 5 S 2527 1.6 1.8 1/2 2 Standard 100 hours at 540C, solution and age in argo

42AS 540 95, 000 116.3 S 2527 2.8 3.1 1/2 2 Standard 100 hours at 540
0
C, solution and age in argo

11J 540 90, 000 242.0 C 2527 3.6 5. 5 1/4 2 Standard 500 hours at 540
0C, solution and age in argo

12J 540 100,000 71.0 C 2527 8.0 7.8 1/8 2 Standard 500 hours at 540
0
C, solution and age in argo

13J 540 88, 000 87.6 C 2527 - ruptured in notch Nc 2 Standard 500 hours at 540
0
C, solution and age in argo

50AS 650 50, 000 136.9 S 2527 13.0 13.2 1/2 2 Standard 100 hours at 650C, solution and age in argo

17AA 540 100,000 94.0 S 7611 8.3 12.5 1/8 4 900
0
C, OQ 500hours at 540 C

and over-age

19AA 650 57, 500 22.6 S 7611 8.3 21.3 1/8 4 900'C, OQ 500 hours at 650
0
C

and over-age

20AA 650 58, 250 22.0 S 7611 10. 2 22. 5 1/8 4 900C, OQ 500 hours at 650
0
C

and over-age

7AA 540 75, 000 1066.0 S 7611 13.1 11.0 3/8 4 900C, OQ 500 hours at 540C

8AA 540 90,000 142.0 S 7611 27.3 29.7 1/8 4 900
0
C, OQ 500 hours at 540

0
C

9AA 650 57,500 86.5 S 7611 14.8 19.9 3/16 4 900
0
C, OQ 500 hours at 540

0
C

10AA 650 50, 000 137.0 S 7611 13.1 31.6 1/8 4 900
0
C, OQ 500 hours at 540C

37AS 540 110,000 43.5 S 2527 5.6 4.7 1/2 1 Standard As-machined

38AS 540 100, 000 126.8 S 2527 3.6 6. 2 1/2 1 Standard As-machined

39AS . 540 105 000 38. 7 S 2527 3. 3 6.3 1/2 1 Standard As-machined

47AS 540 100, 000 132.6 S 2527 1.9 0.8 1/2 1 Standard 100 hours at 540C

48AS 540 110, 000 22.8 S 2527 8.3 8. 6 3/8 1 Standard 100 hours at 540
0
C

49AS 540 110,000 32.2 S 2527 4.6 4.7 1/2 1 Standard 100 hours at 540C

45AS 540 100, 000 77.6 S 2527 1.6 4.7 1/2 1 Standard 100 hours at 540C

17J 540 95,000 132.0 C 2527 - notch Nc 1 Standard 500 hours at 540C

19J 540 100, 000 105. 6 C 2527 - notch Nc 1 Standard 500 hours at 540C

27J 650 50,000 272.7 C 2527 11.4 9.4 1/8 1 Standard As-machined _

56AS 650 50, 000 228. 3 S 2527 14.0 16.0 1/2 1 Standard 100 hours at 650
0
C

57AS 650 53,000 177.8 S 2527 12.6 10.8 1/8 1 Standard 100 hours at 6500C
58AS 650 57,500 68. 7 5 2527 10. 5 13. 2 1/2 1 Standar d lO0 hours at 6O

0
C

59A5 650 65, 000 10. 7 S 2527 4. 9 7. 8 1/8 1 Standard 100 hours at 650
0
C

22AC 650 57, 500 84. 5 C 2527 16. 2 13. 2 1/8 1 Standard 100 hours at 650 C

23AC 650 50, 000 17. 8 C 2527 24. 4 18. 3 1/8 1 Standard 100 hours at 650C

a,,S,, indicates smooth bar and "C" combination bar with smooth and notched section.

bOver appropriate gage length; i. e., 0. 5 inch for combination bars, and 1. 5 inches for smooth bars.

c"N" indicates that failure occurred in the notch.
dStandard heat treat: 900

0
C for 2 hours, then OQ; 720

0C for 16 hours, then AC; 650
0C for 16 hours, then AC.
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TABLE 13

HASTELLOY X CONTROL STRESS-RUPTURE TEST DATA

Rupture

Specimen Test Stress, Life, Specimen Heat Elongation,b Reduction Of Failure Distance Applicable Pre-Mfg. Pre-Test

No. Temperature, 0C psi hr Typea No. % Area, % From Fillet, in. Exp. No. Treatments Treatment

75, 000 80. 8
70, 000 12.9
60, 000 96. 8
65, 000 21.1
55, 000 9.0

45,000 41.0

35, 000 151.0
45,000 29.4

35, 000 233.4
60, 000 800. 0
70,000 44.9

60,000 218.3
75,000 21.0

70,000 61.7
55, 600 76.2
70,000 62.5
65,000 149.4

75,000 14.0
70,000 31.6

60,000 278.4

35, 000 330.0
45,000 57.6

45, 000 62.3
55,000 23.1

45,000 53.1
35,000 360.0

S
C
C

C

S
S
S
C

C

S
S
C

C

C

C

S
S
C

C

C

C

C

C

C

C

C

9500 46. 5 28. 7
9500 55.4 33.0
9500 35.4 30.5
9500 43. 0 no rupture in test
9500 27.4 24.5
9500 18.6 18.5
9500 29. 0 20. 1
9500 24.2 18.9
9500 23.4 22.4
9500 19.0 17.6
9500 24.9 21.7
9500 31.0 20.6
9500 39. 6 23. 3
9500 34.4 19.4
9500 24.2 16.3
9500 27.7 18.2
9500 23.8 14.8
9500 57.0 36.1
9500 42.0 25.4
9500 27.8 20.6
9500 34.6 33.5
9500 31.6 27.3
9500 52.6 41.5
9500 52.6 36.2
9500 57.2 47.2
9500 70.8 31.9

1/4
1/8
1/8
1/8
1/4
1/4
3/4
1/8
1/8
1/8
1/4
1/8
3/16
1/8
1/8
3/4
1/2
1/4
1/8
1/4
1/8
1/8
1/4
1/8
1/8
1/8

2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Standard 100 hours at 5400C, solution in argon

Standard 100 hours at 5400C, solution in argon

Standard 100 hours at 5400C, solution in argon

Standard 100 hours at 5400C, solution in argon

Standard 100 hours at 6500C, solution in argon

Standard 100 hours at 6500C, solution in argon
Standard 100 hours at 6500C, solution in argon
Standard 100 hours at 6500C, solution in argon

Standard 100 hours at 6500C, solution in argon
Standard As-machined
Standard As-machined
Standard As-machined
Standard As-machined
Standard As-machined
Standard As-machined
Standard 100 hours at 5400C

Standard 100 hours at 5400C
Standard 100 hours at 5400C
Standard 100 hours at 5400C
Standard 100 hours at 5400C
Standard As-machined
Standard As-machined
Standard 500 hours at 6500C
Standard 500 hours at 6500C

Standard 500 hours at 6500C
Standard 500 hours at 6500C

a"'indicates smooth bar, and "C" combination bar with smooth and notched section.
bOver appropriate gage length; i. e., 0. 5 inch for combination bars, and 1. 5 inches for smooth bars.
CStandard heat treat: 11750C for 1 hour followed by rapid air cool.

CI)

m

19HS
9HC
10HC
11HC
6HS
7HS
8HS
70H
71H
12HS
13HS
22HC
23HC
24HC
21HC
14HS
15HS

57H
58H
59H
19HC
20HC
61H
6HC
7HC
8HC

540
540
540
540
650
650
650
650
650
540
540
540
540
540
540
540
540
540
540
540
650

650
650
650
650
650

Z
C-,
r-
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TABLE 14

RENE' 41 CONTROL STRESS-RUPTURE TEST DATA

Rupture
Specimen Test Stress, Life, Specimen Heat Elongation,b Reduction Of Failure Distance Applicable Pre-Mfg. Pre-Test

No. Temperature, 
0
C psi hr Typea No. % Area, % From Fillet, in. Exp. No. Treatments Treatment

39RS 650 110, 000 33.8 S TV746 7.4 7.8 1/8 2 Standard 100 hours at 650
0
C, solution and age in argon

40RS 650 115,000 12.0 S TV746 10.6 10.1 3/16 2 Standard 100 hours at 650
0
C, solution and age in argon

42RS 650 100, 000 77.2 S TV746 4.8 5.5 3/8 2 Standard 100 hours at 650
0
C, solution and age in argon

31RC 650 100, 000 263. 4 C TV746 3. 4 4.0 1/8 2 Standard 100 hours at 650
0
C, solution and age in argon

43RS 650 100,000 148.8 S TV746 4.8 1.6 1/2 1 Standard As-machined
44RS 650 115,000 21.6 S TV746 4.8 3.9 1/2 1 Standard As-machined
45RS 650 110,000 46.2 S TV746 4.4 4.7 1/2 1 Standard As-machined
29RC 650 100,000 425.6 C TV746 3.0 2.4 1/8 1 Standard As-machined
46RS 650 110,000 79.6 S TV746 1.6 1.6 3/8 1 Standard 100 hours at 650

0
C

47RS 650 115,000 41.3 S TV746 2.6 2.4 1/2 1 Standard 100 hours at 650
0
C

48RS 650 100,000 140.3 S TV746 1.2 1.6 3/16 1 Standard 100 hours at 650
0
C

a"S" indicates smooth bar, and "C" combination bar with smooth and notched section.
bOver appropriate gage length; i. e., 0.5 inch for combination bars, and 1.5 inches for smooth bars.
cStandard heat treat: 1065

0
C for 2 hours then WQ; 1175

0
C for 1/2 hour then AC; 900

0
C for 4 hours then AC.
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Test Equipment and Special Studies

Evendale Stress-Rupture Equipment and Alignment Studies - Alignment studies of the

Evendale rupture stands, used for irradiated specimens, indicated that modifications of

this equipment are desirable. The two improvements that appeared necessary were (1)

introducing ball-and-socket-type joints into the design of a modified load column to aid in

reducing the eccentricity, and (2) changing the loading procedure by lowering the furnace
around the mounted specimen instead of lowering the specimen into the furnace.

The modified test stand is shown in Figure 14. The new load column utilizes four ball-
and-socket joints; two above and two below the furnace. These joint assemblies were con-

structed from a fabricated clevis and a Heim Unibal spherical rod-end bearing. The as-

semblies provide for alignment in two planes whereas only one-plane alignment was possi-

ble in the previous end-pinned joints.

The new arrangement uses Marshall furnaces (10-inch diameter by 12.5-inch depth) in

place of the much larger original furnaces (18-inch diameter by 33-inch depth). The use

of the smaller furnace (shown in Figure 15) allows the load column to be aligned before
each test and the furnace lowered into position without disturbing the aligned column.

Alignment checkout of the modified stand has been conducted with the experimental equip-

ment and setup shown in Figure 15. An instrumented smooth-bar rupture specimen was

used in the calculations. The specimen had four Budd Metal film C9-111 strain gages bon-
ded 90 degrees apart in the same circumferential plane on the reduced diameter test sec-

tion. Strain data were taken using the direct reading Bytrex model DR-20 strain indicator

which is shown in Figure 15. The Bytrex switching and balancing unit was employed to

balance and read the four individual strain gage circuits. The two Bytrex units are con-

nected in such a manner that the indicator employs a four-arm bridge circuit. A dummy
gage (not visible) is used for temperature compensation of the system.

The maximum bending stresses (or strains) are calculated on the assumption that the

gage length of the specimen is an eccentrically loaded cylinder. By further assuming con-

stant moment bending and uniformity of longitudinal strain distribution, mathematical ex-

pressions may be developed. It may be seen, by referring to Figure 16, that the maximum
bending stress, amk and the angular position, a , of the bending plane in relation to one

gage position could be determined from two gages placed 90 degrees apart. The relation-

ships are given by the following equations:

Mo Ma sina

Me Ma cosa4(2)
a4ao + ---- +ao + (2

Mma o + M (3)

where a1 and a4 are the stresses at gage positions 1 and 4, respectively, am is the maxi-
mum stress in bending (at the bending plane), M is the bending moment, b and e are the

perpendicular distances from the neutral axis to gage positions 1 and 4, respectively, a is

the radius of the specimen, and I is the moment of inertia.

Four gages were used, since the described method requires that the average stress,

ao, be computed from the tensile load divided by the cross-sectional area and provides no

indication of the reliability of individual gage readings as denoted below.

The symmetry of the elastic stress distribution provides a check on the gage readings
of diametrically opposite gages. They should provide stresses (or strain readings) that
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Fig. 14- Stress-rupture test stand for testing

P61 12-11A

irradiated specimens
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Fig. 15 - Stress-rupture test stand and alignment test equipment
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Fig. 16 - Relationship of the strain gage location on the cylindrical gage
section to the neutral axis and bending plane
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differ from the average stress (or strain) by the same amount. In terms of individual gage

readings, g1 , g2, g 3 , and g4:

Ag1 = (g1 - go) = Ag3 = -(g 3 - g 0) (4)

Ag4 =(g4 - go) = Ag2 = -(g2 - go) (5)

where go is the average strain (applied tensile):

g 1+ g2 + g3 +g4
4

Averaging the strain differences (bending strains) and treating the problem as one of two

gages 90 degrees apart yields these equations:

Ag 1 , 3 = Ag 1 + Ag3  (6)

Ag 4 , 2 = Ag 4 + og2  (7)

Although theoretically the opposite pairs of bending strains should be equal, there will be

slight differences due to small experimental errors. This effect is partially compensated

by averaging the pairs of strains for the purpose of this analysis.

Equations 1, 2, and 3 may be rewritten in terms of these strain averages as:

EAg 1 ,3  Ma sina (8)

Ma
E Ag4 , 2 = y-cosa (9)

Ma
E Agm = -(10)

where Agm is the maximum bending strain at the bending plane and E is the modulus of

elasticity.

Ma 2
Solving equations 8, 9, and 10 for -- :

= E2 [(Ag4 , 2)2 + (Agl, 3)2]= E2(Agm) 2  (11)

Hence, the maximum bending strain, Agm, may be expressed as:

Agm =v(Ag4 , 2)2 + (Ag3 , 1)2 (12)

The results of some of the strain measurements conducted on the new load column ar-

rangement are summarized in Table 15 for a load of 600 pounds. The complete data and

calculated values for trial run No. 1 are shown in Table 16. The strain values as a func-

tion of the load for the average tensile strain and one pair of the gages (at the 90-degree

and 180-degree positions) are shown in Figure 17. The vertical distance from the average
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TABLE 15

SUMMARY OF STRAIN MEASUREMENTS, STAND NO. 4

Gage Readings At Position Indicated,a Bending Strain At Calculated

Trial pin. /in. Tensile Position Indicated,b Maximum Bending
Run Gage 1 Gage 2 Gage 3 Gage 4 Strain, p in. /in. Strain At Bending
No. 00 90 1800 2700 y in. /in. 00 90 1800 2700 Plane, u in. /in.

1 1575 1540 1500 1540 1539 +36 + 1 -39 + 1 38
2 1525 1555 1470 1455 1501 +24 +54 -31 -46 57
3 1540 1535 1525 1535 1534 + 6 + 1 -9 + 1 8
4 1525 1480 1510 1560 1519 + 6 -39 - 9 +41 41

5 1520 1540 1435 1440 1484 +36 +56 -49 -44 66

6 1525 1570 1470 1460 1506 +19 +63 -36 -46 61

Average 45 gin. /in.

aAt 600-pound load.
bPlus sign indicates a tensile bending strain; minus sign indicates a compressive bending strain.

TABLE 16

STRAIN MEASUREMENTS, TRIAL RUN NO. 1, STAND NO. 4

Gage Readings At Position Indicated, Bending Strain At Calculated
g in. /in. Tensile Position Indicated,a Maximum Bending

Load, Gage 1 Gage 2 Gage 3 Gage 4 Strain, g in. /in. Strain At Bending
lb 00 90 1800 2700 g in. /in. 00 90 1800 2700 Plane, g in. /in.

0 0 0 0 0 0 0 0 0 0 0
99 295 230 260 305 273 +22 -43 -13 +32 41

200 560 505 520 570 539 +21 -34 -19 +31 38

300 820 755 760 815 788 +31 -33 -28 +27 42

400 1065 1010 995 1040 1028 +37 -18 -32 +12 38
500 1315 1265 1235 1280 1274 +41 - 9 -39 + 1 40

601 1575 1540 1500 1540 1539 +36 + 1 -39 + 1 38
99 305 255 260 305 281 +26 -26 -19 +26 34

aplus sign indicates a tensile bending strain; minus sign indicates a compressive bending strain.

tensile strain line and the gage strain reading represents bending strain. Values above the

line represent tensile bending strains; values below the line represent compressive bend-

ing strains.

The calibration plot for the instrumented specimen used in the above-mentioned tests

is shown in Figure 18. It was obtained with the use of a 5,000-pound Baldwin Universal
Testing Machine. The small intercept value shown (approximately 10 microinches per
inch) represents a consistent error in the absolute values of the measurements and does

not affect the bending strain measurements as long as it remains constant. The slopes of

the calibration curve and the average line of the trial run are identical.

The maximum bending strain values on the new load column ranged from 8 to 66 micro-

inches per inch, with an average of 45 microinches per inch at a load of 600 pounds. These

values represent a favorable reduction in bending strain compared to the set of 12 tests

conducted on this same stand using the previous load column without the ball-and-socket

joints. These tests showed a range of bending strain values from 65 to 215 microinches
per inch with an average of 113 microinches per inch at a 600-pound load. Work is in pro-

gress to convert the other rupture stands to the new load column and furnace arrangement.
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Fig. 17 - Strain versus load, four ball-and-joint assemblies, Stand No. 4
(specimen 62F)

Alignment Studies at BMI and ITS - The rupture stands used for testing irradiated spec-
imens at BMI and ITS have been checked for axial alignment consistent with the techniques
established at Evendale. Although the one test stand at ITS was found to be in fair align-
ment, subsequent modifications in load rods and specimen holders improved the alignment.
Ten test runs produced an average bending strain of 30 microinches per inch, with a maxi-
mum value of 40 microinches per inch at 600 pounds.

The specimen holders and load rods on the four stands at BMI are currently being modi-

fied to reduce misalignment. Initial measurements indicated occasional bending strains of
more than 100 microinches per inch. Measurements on two of the stands equipped with the
new rods and holders have shown a reduction in misalignment. Completion of the BMI
alignment study is expected by the end of December.

Fatigue Test Equipment - Four pneumatic fatigue machines are now on hand at Evendale
for testing irradiated and unirradiated A-286 and Rene' 41 samples at temperatures up to
870*C. Two of the machines will be used for testing unirradiated samples and the other
two will be used in the hot cell for testing irradiated samples. At the present time, one
pneumatic fatigue machine is in operation with a second unit scheduled to be in operation
by the end of December. The two machines to be used for irradiation testing are being
modified for remote operation.

During the current reporting period, considerable effort was devoted to equipment cali-
bration. The first phase consisted of obtaining static and dynamic deflection curves of a
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Fig. 18 - Tensile strain versus load, gage calibration (specimen 62F)

average of four gages, Inconel X -0.1244-inch diameter

specimen with an X-y cathetometer (Figure 20). The dynamic deflections are needed to-

gether with sample frequency, sample weight, and piston and collet weights for the calcu-

lation of sample stresses. Next, to verify stress calculations, a specimen instrumented

with strain gages was run dynamically; the indicated stress was found to agree with the

calculated stress within the accuracy of the read-out system. Several temperature pro-
files of the sample were then measured and a fixture was installed to hold the thermocou-

ple adjacent to the reduced section of the sample.

The pneumatic fatigue machines operate on a "tuned" air column principle and the sample
is vibrated at its natural frequency. One end of the sample is clamped in a vise to provide

cantilever-type support. The collet assembly and piston are attached to the free end of the
specimen, with the piston positioned between the opposed air nozzles to provide the driving
mechanism (Figure 19). Air is supplied through a long Y-shaped pipe to the two nozzles.
Since the effective length of the Y-shaped pipe can be varied, the system can be "tuned"

for maximum sample amplitude. The sample amplitude is measured during test by means
of a calibrated telescope. Sample frequency is measured by an acceleration transducer
fixed to the base of the machine and fed to an Electronics Vibration Meter. The output
from the meter is recorded, and when sample frequency falls below a set point, i.e., sam-

ple failure occurs, a control switch automatically de-energizes the air supply, furnace
power, and time meter. A split furnace is installed around the sample and vise (Figure
20) to provide for operation at elevated temperatures.
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P61-10-20

Fig. 19 - Fatigue test equipment showing calibration instrumentation

P61-12-20B

Fig. 20 - Fatigue test equipment showing furnace arrangement
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TABLE 17

RESULTS OF FATIGUE TESTING

Specimen Condition Stress, psi Cycles to Failure

As-machined 70, 000 6.6 x 106
As-machined 68,000 9.6 x 106

As-machined 48, 000 1 x 108 (no failure)

Simulated Reactor
Cycle (100 hours at 75,000 7.1 x 106
6500C)

Results obtained during this reporting period on A-286 (as-machined) and operated at

650*C are shown in Table 17. A typical specimen after failure (68,000-psi test) is shown

in Figure 21.

Dosimetry Studies - The preliminary analysis of the gamma-scan data of some speci-

mens from capsule MT-27 indicates that the capsule was exposed to a total neutron dosage

of about 1020 nvt (En > 1 Mev) rather than the scheduled value of about 3 x 1019 nvt

(En > 1 Mev). The exact value of this dosage, however, will be based on the final analysis

of this gamma-scan data and also on the data that will be obtained from the Co-Ni dosim-

eters that were sent to the Nuclear Science and Engineering Corporation for radiochem-

ical analysis.

The gamma-scan data that are obtained by the use of a 256-channel Analyser and a col-

limated crystal detector measure the gamma spectrum and intensity from the specimen

positioned in a fixed geometry. Specifically, the activity from the isotopes of Co5 8 , Mn5 4 ,
Cr 5 1, and Fe 5 9 are measured in this study. The preliminary data obtained from some of

the fast neutron reactions indicate that the fast neutron dosage will vary by a factor of

about two from the end of the capsule to the position of greatest flux. Figure 22 shows the
distribution of the fast neutron dosage as a function of the specimen position in capsule

MT-27. The data were plotted as relative values for the purpose of this report but will be

presented at a later time, as nvt when the final analysis of the dosimeters is complete.

Since the specimens in the 30 rows cover a distance of about 28 inches, it is expected that
the neutron dosage distribution reflects the axial power distribution of the ETR core. The
temperature profile is also included in Figure 22 to show the change in temperature as

well as the neutron dosage across the specimens for the capsule exposure.

P61-12-20 A

Fig. 21- Typical fatigue test specimen after failure
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Fig. 22- Neutron dose and temperature distribution across specimens in capsule MT-27
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STRUCTURAL STUDIES

Electron micrographs of an Inconel X specimen replicated by two different techniques

were shown in the last bimonthly report.* These photographs indicated that the two-stage
Lucite-block method failed to reproduce the very fine structural details obtainable from
the more easily prepared direct-stripped replicas, andhence would probably not be useful

in the electron microstructural examinations of irradiated high-temperature alloys. How-

ever, since a two-stage technique capable of replicating relatively rough surfaces will be
necessary to examine many of the irradiated andtensile-tested specimens, a method using

thin (~1 mil) cellulose acetate sheet for the primary replica has been studied.

Figures 23 and 24 show comparable electron photomicrographs of the microstructure

of the same Inconel X specimen used for the previous replication studies. Figure 23 is an
electron micrograph of a direct-stripped nitrocellulose replica, showing large grain-boun-

dary carbides and small randomly precipitated particles of y' (Ni3 A1-Ti) within the mat-

rix. Figure 24, showing the same constituent phases, is an electron micrograph of a secon-
dary carbon film replica after removal of the primary cellulose acetate sheet. This micro-

graph shows fairly sharp detail in the fine microstructures of the matrix and precipitated
y', but shows rather irregularly shaped carbide particles. This irregularity is not believed
to be representative of the true particle shapes, but rather is a distortion produced during

preparation of the replica. Further work to be done with this replication technique may

correct this defect so that the method can be used reliably with future specimens.

Although the first of the irradiated and tested specimens are now available for structural
analysis, no electron microscopy has yet been performed because of a delay in the final
preparation of the samples, caused by necessary repair and clean-up operations in the
hot and warm cells.

Structural studies of unirradiated control specimens, with simulated temperature his-
tories characteristic of the irradiated samples, are being studied so that comparisons

with the irradiated specimens can be made. A-286 specimens examined at NMPO were
mechanically polished with 0.3-micron y-alumina followed by a final polish with 0.1-mi-

cron y-alumina. After polishing, the specimens were etched in 92 HC 1 - 5 H 2 04 - 3 HNO3

(volume percent) to render the microstructure distinguishable. Through trial and error,

it was found necessary to repeat the final polish-and-etch process a second, and some-
times a third time to achieve a surface free of scratches and flowed metal. Such prepara-
tion produced surfaces as good as those prepared by electropolishing. t

The optical and electron micrographs, shown in Figures 25 to 27, illustrate the micro-
structure of A-286 in two conditions: solutioned, and solutioned and aged. The solutioned

specimen was held at a temperature of 900 C for two hours and oil-quenched. The solu-
tioned and aged specimen received this same heat treatment, followed by aging at 720*C

for 16 hours and air cooling plus an additional aging at 650*C for 16 hours and air cooling.

Figure 25 shows the optical microstructures of A-286 after these heat treatments. Al-
though the aging treatment is seen to affect the grain boundary content in these specimens,

optical magnifications are incapable of clearly resolving all the facets of the microstruc-
ture.

The electron micrographs of these samples show distinct differences in the microstruc-
tures. After solutioning only, the structure is seen to contain large particles of TiC, both
in the matrix and at grain boundaries. No additional phases were observed in this speci-

*Ibid. Fig. 30, p. 49.

t Ibid. p. 47.
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men, although a plate-like precipitate of 7 phase (hexagonal Ni 3 Ti) has been reported by
Beattie* in A-286 similarly heat-treated.

Figure 27 shows the electron photomicrograph of the microstructure after solutioning
and aging A-286. This micrograph again shows the presence of large TiC inclusions, but

also shows a very distinct lamellar structure occupying relatively wide areas between

matrix grains. This lamellar region has been shown by Beattie to consist of q (hexagonal
Ni3 Ti) plates andy'(Ni 3 A1-Ti) fibers. In addition to these structures, the micrograph of
Figure 27 also shows a general dispersion of very fine y' throughout the matrix. It is this

y' phase that acts as the primary hardening agent in this alloy.

FUNDAMENTAL STUDIES

The purpose of these studies is to develop a better understanding of the effect of irradi-

ation on the aging process in nickel-base alloys with additions of 6 to 10 weight percent
aluminum. These studies are to include electron and neutron irradiations on specimens
that have been given a specific heat treatment.

Heat Treatment of 92 Ni - 8 Al Alloy - As discussed in the previous bimonthly report,
the results of the initial aging study based on hardness measurements indicated that some
improvement in technique was required. At that time, it was noted during metallographic
examination that "precipitation" was more dominant in areas that showed signs of crack-
ing and gross oxidation. This indicated that internal oxidation and not NI3 Al precipitation
was probably being measured. In view of this observation, and the spread on the hardness
data, it was decidedto rerun the aging experiment. In addition to the 0.030-inch sheet sam-
ples used before, several 1/4-inch-thick disks cut from 1/2-inch bar stock were used to
reduce warping and other problems associated with the thin sheet. The bulk of the reported
data is based on results from individual samples used for each aging time (not recycled as
was done in the original experiment). Some recycling, or cumulative aging, was also per-
formed, however. In addition, all samples were hand polished on 180- and 400-grit silicon
carbide paper prior to hardness measurements to produce a much smoother surface than

*H. J. Beattie, Jr., "Structural Study of Relations Between Solution Treatment and Aging Response in Alloy A-286,"
General Electric Company, Large Steam Turbine-Generator Department, DF61SL322, May 11, 1961.
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Fig. 27 - Electron micrograph of solutioned and aged A-286 showing large
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that previously obtained using a buffing procedure. All aging was done in an argon atmos-
phere containing not more than 3 percent oxygen. Unfortunately, the samples were solu-
tioned in air before the metallographic results, which indicated internal oxidation, were
available. Chemical analysis of samples aged 1 hour at 1205 C and 1315C showed 43 and
46 ppm of oxygen respectively, compared with 13 ppm in the as-rolled material. However,
this oxygen content may not appreciably affect results. The results of the aging study,

based on the above techniques, are plotted in Figure 28. These observations can be made
from the data:

1. Hardness after aging at 650 C appears to be independent of prior working conditions

or solution temperature.
2. Hardness after aging at 540 C for a given time is dependent on solution temperature

at least for aging times less than 100 hours.

Electron Irradiation of 92 Ni - 8 Al, 0. 030-inch Sheet - Initial irradiation work will be on
material solutioned at 1205*C and exposed at 650*C, since these conditions represent the
best control data. The above material was solutioned in air; however, future solutioning

will be done in an argon atmosphere. The use of argon rather than air in the Van de Graaff
facility required some modification of apparatus. Major problems requiring resolution

were:

1. Maintaining the argon atmosphere at very low flow rates. This was necessary to pre-
vent overcooling the samples.

2. Eliminating the large thermal gradient from the center to the edge of the sample.
Initially, this gradient was ~32 C; the present setup should yield a gradient of not
more than 4 C and perhaps much less with a few minor refinements.

Neutron Irradiation Sample Preparation - Three lengths of 1-inch-diameter rod were
extruded from 3-inch billets at 1260 C. These will be centerless-ground before swaging
to 1/2-inch-diameter rods for machining into stress-rupture samples.

WORK PLANNED FOR NEXT PERIOD

Final arrangements will be made for the capsule design and test conditions for experi-
ment No. 6, the determination of the effect of boron level on radiation damage to stress-

rupture strength, and experiment No. 8, the determination of the minimum dosage level

causing detectable damage to stress-rupture strength.

Detailed dosimetry for capsules MT-27, -38, -43, and -51 will be completed and re-
ported. Preliminary data on the neutron spectrum characteristic of the E TR facility in

which the capsules were exposed will be established.

The effects of electron irradiation on synthesized compounds similar to precipitates

found in A-286, Hastelloy X, and Rene' 41 will be continued. Fabrication of tensile and
stress-rupture specimens of a nickel-aluminum alloy for neutron irradiation will be com-
pleted. Metallographic examinations of irradiated specimens will be started.
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5.MODERATOR FABRICATION AND TESTING
(57006)

The objective of this program is to determine whether or not 95 Y - 5 Cr hydrided to
about NH 5.4, clad with Fe-Cr-Al is structurally stable, under radiation to about 1020 nvt

at 11000C.

LABORATORY EVALUATION OF TEST SPECIMENS

The Fe - 20 Cr - 4.5 Al clad hydride yttrium moderator specimens required to complete
the objectives of this research have been fabricated. Fifty-one specimens are now on hand

for use in the necessary laboratory and in-pile evaluations which will define the resistance

of hydrided yttrium to radiation damage. A secondary objective of this research is to ob-
tain further data on the chemical and mechanical stability of the clad moderator elements
in air to 1050 C.

In order to obtain pertinent data on the resistance of hydrided yttrium to radiation
damage at temperatures to 1050 C, oxidation-resistant clad elements must be obtained

which are stable in air to 1050 C for the long periods necessary for obtaining high radi-
ation-dosage exposures. During this report period, additional laboratory evaluations have

been carried out to obtain further confirmation of previous experiments which indicated
that the clad hydrided yttrium moderator elements preparedfor these evaluations possess
adequate chemical and mechanical stability for in-pile testing in air to 100 0 *C for at least
1000 hours.

Laboratory Static Air Evaluations

During this report period, clad hydrided yttrium specimens typical in composition and

geometry to those which will be used for the in-pile evaluations were heated in air at

temperatures of 980 C and 1040C. These specimens were continuing on test at the end of
this report period. No deterioration or instability was found after 1150 hours of testing had
been logged.

Laboratory Dynamic Air Tests

In-pile neutron and gamma heating (ETR) of moderator elements are more than adequate
to maintain specimens at maximum temperatures. Coolant air is necessary to prevent

overheating, and by controlling the quantity of pressurized cold air directed over the
surfaces of the hot element, desired specimen test temperatures can be obtained. Since
during the in-pile evaluation, the hot moderator element will be subject not to static air at
atmospheric pressure but to moving air at high pressure, testing to simulate such condi-

tions was conducted during this report period. Four specimens had logged over 500 hours
at 980 C in high-velocity air prior to the issuance of this report without any deterioration
noted. There is no indication to date that either air pressure or air movement accelerates

the oxidation of the Fe - 20 Cr - 4.5 Al clad hydridedyttrium moderator elements as com-
pared to the stability shown in static air testing.

57
UNCLASSIFIED



58 UNCLASSIFIED

Efforts to measure hydrogen content of the hydridedyttrium by neutron scattering with
the sigma pile are continuing. A rough calibration at NH 5.0 has been made and several
samples have been read. A detailed set of samples are being hydrided to determine the

calibration curve from NH 0 to NH 5.6. A series of ZrH calibration samples have been
checked and a calibration table obtained. Two samples which had operated for 1550 hours
at 980 C in static air were checked by the non-destructive neutron scatter technique and

by vacuum fusion analysis. The readings correlated closely with samples that had not been

operated at temperature, and with the original hydrogen content of the tested samples
which was determined by density measurements. This indicates that there was no measur-
able hydrogen loss during the test at the stated conditions.

The static air and the dynamic air testing results obtained to date indicate thermal-
mechanical stability of the 95 Y- 5 Cr moderator assemblies canned in Fe - 20 Cr - 4.5 Al
at 980 C for periods in excess of 1000 hours.

IN-PILE TEST PLANS

Present plans call for an in-pile test to be run in a reflector hole in the ETR. Insertion
is expected to be March, 1962. The cartridge design is almost complete and the proposed

temperature instrumentation is being checked in the dynamic rig on the samples.

WORK PLANNED FOR NEXT PERIOD

Stability tests of specimens will be continued to determine: (1) stability at 1040C
under dynamic and high pressure air, (2) stability in a 1090C high pressure wet helium
atmosphere, (3) hydrogen retention at temperature, and (4) failure analysis. Fe - 27 Cr -

3.5 Al cladding will be tested under dynamic and static conditions at 1090C. Detailed
calibration of sigma pile will be prepared for measuring hydrogen content in zirconium,
yttrium moderator materials. Reactor cartridge design andfabricationwill be completed.
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6. HIGH-TEMPERATURE
THERMAL-INSULATION DEVELOPMENT

(57010)

The objective of this program is to develop thermal insulation to reduce the operating
temperature of control and structural components of high-performance reactors.

The H3 PO4 process of foaming BeO developed during the previous report period* has
been proven to be reproducible. This procedure resulted in a foamed structure having a
density of ~0.6 gram per cubic centimeter and an average pore size of 0.05 centimeter
(0.02 inch) in diameter. Further progress has indicated that this same procedure can be
scaled up to form castings of 7.5 by 11.5 by 15.75 centimeters.

Ignition of this material in air does not bring about the complete elimination of the
phosphate produced during foaming. However, sintering in a hydrogen atmosphere at
13700C yields a pure BeO (UOX grade) foamed structure free of phosphorous.

One of the problems encountered in the fabrication of BeO foams was development of a
suitable mold release material to permit the casting to shrink in an unrestrained manner.
Use of a silicone grease and powdered talc permitted castings to release from the molds
without failure.

The fabrication of foamed BeO using -325 mesh refractory grade BeO rather than the
very high purity fine UOX grade was also investigated. No difficulty was experienced in
producing a foamed structure with this refractory; however, the product was found to be
more dense. A material which exhibited an average pore size of 0.025 centimeter had an
apparent density of 1.5 grams per cubic centimeter.

Foamed BeO structures were also produced using mixtures of refractory grade and
UOX grade BeO. A tabulation of the compositions which were investigated is shown in
Table 18.

The compositions which contained the highest proportion of refractory grade BeO shrank
the least during processing. Over the range of compositions studied, the compositions
which contained the most UOX did not have the lowest densities. The 60-percent refractory
grade-40-percent UOX grade BeO was foundto have the finest and most uniform structure.

WORK PLANNED FOR NEXT PERIOD

Tests to determine the thermal conductivity, density, dimensional stability, strength and
erosion resistance will be performed on the foamed BeO. Means to reduce the pore size
and improve the distribution of pores will be investigated. As an ultimate goal, a pore
diameter less than 0.1 centimeter (0.04 inch) and approaching 0.01 centimeter (0.004 inch)
is suggested.t

*GEMP-5A, "High Temperature Materials Program Progress Report No. 5, Part A," GE-NMPO, November 15, 1961, p. 54.
tW. D. Kingery, "Property Measurements at High Temperatures," pp. 97-99.
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TABLE 18

PROPERTIES OF FOAMED BeO CONTAINING VARIOUS PROPORTIONS
OF REFRACTORY GRADE AND UOX GRADE BeO

Sample Volume Of Density, Pore Size,
No. RG,a% UOX, % Powders, g Acid, ml Shrinkage, % g/cc cm

22 90 10 200 100 2.5 0.87 0.02-0.5

23 80 20 177 100 12 0.81 0.01-0.25

24 70 30 147 100 20 1.0 0.01-0.2

25 60 40 112 100 20 0.99 0.01-0.15

26 50 50 104 100 27 0.98 0.02-0.3

aThe refractory-grade BeO was fused BeO, ground to pass through 200 mesh and acid

leached to remove the iron pickup in grinding.
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8. APPENDIX

REPORTS PREVIOUSLY ISSUED IN THIS SERIES

NMP-HTMP-1

High Temperature Materials ProgramProgress Report No. 1, May 1, 1961 - June 30, 1961

GEMP-2

High Temperature Materials Program Progress Report No.2, July 1, 1961 - July 31, 1961

GEMP-3A

High Temperature Materials Program Progress Report No. 3, Part A, July 1, 1961 -
August 31, 1961, Unclassified

GEMP-3B

High Temperature Materials Program Progress Report No. 3, Part B, July 1, 1961 -
August 31, 1961, Classified

GEMP-4A

High Temperature Materials Program Progress Report No. 4, Part A, August 1, 1961 -
September 30, 1961, Unclassified

GEMP-4B

High Temperature Materials Program Progress Report No. 4, Part B, August 1, 1961 -
September 30, 1961, Classified

GEMP-5A

High Temperature Materials ProgramProgress Report No.5, Part A, November 15, 1961,
Unclassified

GEMP-5B

High Temperature Materials ProgramProgress Report No. 5,Part B, November 15, 1961,
Classified

GEMP-6A

High Temperature Materials Program Progress Report No.6, Part A, December 15, 1961,
Unclassified

GEMP-6B

High Temperature Materials ProgramProgress Report No. 6, Part B, December 15, 1961,

Classified

61

UNCLASSIFIED







LGiI HT PROLSIOrN L.AUKAMIU utnhhihsti

GENERAL LECTRIC) E


