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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, express or implied, with respect to the
accuracy, completeness, or usefylness 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 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 to the extent that such employee or contractor

prepores, hondles or distributes, or provides access 1o, any information pursuant to his
employment or contract with the Commission.
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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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| STATEMENT OF PROBLEM

It is the purpose of this TDR to present a compilation of room temperature
and 1200° F properties of a large number of alloys which might be considered
for use in a sodium cooled reactor. Specific consideration is given to the
use of such materials as fuel cladding. The arbitrary basis for property
oomparison is stainleass type 304.

DISCUSSION

Table I lists the nominal compositioms of the materials studied.
This table is divided into ten classes as noted. Each class lists at
least one alloy which can be considered typical in a general sense for that
class of material,

Class 1 lists a moderately alloyed ferritic steel which is widely =
used in the petroleum and power industries. The alloying elements Cr and
Mo are added primarily for improved oxidation resistence, elevated tempera-
ture strength and resistance to graphitization. The use of this alloy as
a fuel cladding material in 1200° F sodium is unlikely due to --

(1) Lower 1200° F creep and stress rupture properties
than 304, ’
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(2) Tendenoy to decarburization in 1200° F sodium,
®* (3) wWhere uranium base alloy fuels are used the
fggggg! temperature of the fuel/cladding interface
zolimited by the UeFe eutectic temperature of 1350
1400° ¥,

(4) Tendenoy to present welding problems due to air harde
ening of moderate to thin sections. This would be
important from the standpoint of possible weld cracke
ing of end caps unless proper pre-and post- heat pree
cautions were taken.

The alloy 481 listed in this class is presently under develope
ment by the Materials Development Group. Its composition is basically
the 2% Cre~l Mo alloy with additions of strong carbide forming elements.
The purpose of designing such a eomposition is to attempt to over-
come the first two previously mentioned disadvantages. Test results
to date have shown the alloy to be superior to the 2% Cr - 1 Mo in thes
areas, i1.e., resistance to decardurization in 1200° F sodium and T
higher 1200® F strength and creep~rupture properties.

The ferritic stainless ateels of Class 2 generally suffer from
the same disadvantages as the 2k Cr ~ 1 Mo alloy. Of the four alloys
1is¥ed, Type 410 is the only one which is hardenable by heat treat
ment. All of these alloys have lower 1200° F creep and stress to
rupture properties than either 304 or the 24 Cr - 1 Mo alloy. The
resistance of these materials to 1200°® F sodium is better than the
Z%Cr-ll&o.

The Class 3 materials are also ferritic materials. Arnmco
iron is listed primarily for comparison purposes and its reportedly
high resistance to 1200° F sodium. The two alloys ""Thermenol"” and
"Alfenol 16" were developed primarily for oxidation resistance at
temperatures in the region of 1800° F,

Their strength characteristics are reported to bde dependent
upon an ordered structure and low impurity content. The former
requires relatively complex thermal treatment, while the latter
necessitates melting in either vacuum or a purified inert atmoase
phere. Limited 1200° P stress rupture data show the thermenol alloy to

* This applies to any of the iron, nickel, or cobalt base alloys.

v
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superior to the chromium bearing ferritic stainless steels to times
of 1000 hours., Beyond this time, this property decreases markedly
suggesting microstructural instability. No coreep data are readily
available, but the specimen from the aforementioned stress-rupture
test exhibited an elongation of 233% in 3/4" under a stress of
10,000 psi. The time to rupture was 796 hours. No information is
available on the resistance of these irone~aluminum alloys to 1200° F
sodium. The primary advantage of these materials is their lower
absorption cross section for thermal nemtrons when compared with
304k stainless steel. At the present time, these alloys are still
in the development stage, and are not readily available.

The Class 4 materials typify the austenitic stainless steels
which are most commonly used. They have, at 1200° F, superior creep
and stress rupture properties than do the ferritic materials. Their
resistance to 1200° F sodium is good. Where carbon is available
they have a strong tendency to carburige at 1200* ¥ which increases
the yield and tensile strengths and lowers the ductility at both
room and elevated temperatures. The effect of carburization of
these materials on their creep and astress rupture properties is
somewhat complex since the measurement of these properties requires
long time periods at elevated temperatures under constant load.
Consequently diffusion of carbon will be occurring in the carburized
specimen during test. This problem of carburization becomes ime
portant where the fuel ' ' is hyperstoichiometric UC or where
carbon is available for transfer by the sodium coolant. Perhaps
the major disadvantage of this class of alloys is their high absorpe
tion oross section for thermal neutronas.

The two alloys listed in Class 5 are typical of the present
commercially available precipitation hardening stainless steels.
They were developed primarily for high strength propertiss and oxi=
dation resistance at temperatures to 1000° F. There are very few
data available beyond this temperature. For 1200° F operation, the
standard austenitic stainless steels would be superior.

With the exception of pure nickel, the alloys listed in
Class 6 (ferrous base), 7 (nickel base), and 8 (cobalt base) were
developed for applications in the temperature range of about 1200°
to 1800° P where the strength requirements were excessive for the
standard awtenitic stainless steels. Theilr use as cladding matere
ials for metsl fuels would be limited bdby:

730-v-45 (REV 5-59)
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(1) U«Fe, U=NKi, and U=Co sutectice of respectively
1340°, 1365°, and 1375° F.

(2) High absorption eross sections of the nickel and
cobalt base alloys when compared with 304 stain-
less.

(3) Post exposure handling problems for the cobdalt
base or cobalt containing alloys.

According to the liquid Metals Handbook, 2ll of these alloys
would be expected to provide good resistance to 1200°® F sodium.
Where UC is considered as the fuel and where the elevated temperature
strength properties of the standard austenitic stainless steels are
inadequate, serious considerstion should be given such materials as
A-286, 19-9 DL, Inconel X, Hastelloy B, and Hastelloy R-235. How=
ever, oarburizing tendencies of these materials by either hyper-
stoiehiometric UC or the coolant requires investigation.

Copper and its alloys (Class 9) are eliminated for use in
sodium c¢ooled reactors on the basis of:

(1) Inadequate resistance to the coolant.
(2) Poor elevated temperature strength.

Of the Clase 10 materials, zirconium and columbium and their
alloys as well as beryllium are highly attractive for thermal reactor
use because of their low cross sections. Molybdenum has excellent high
temperature strength properties but is open to some question on the
basis of abasorptiom cross section «- especially in the epi-thermal
region.

- - The properties of all of these materials are influenced
(usually deleteriously) by the presence of small amounts of intersti-
tials (e.g., C, N, O, H),

¥here metallic uranium or its alloys are concerned, none of
the refractory metals form low melting eutectics (the lowest re-
ported is ~ 1900° F for the U-V system).

730-v-45 (REV 5-59)
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Since 2ll of these materials form stable carbides, their be-
havior with UC fuels at elevated temperatures requires considerable
investigation.

With the exception € Ti, all of the materials listed are re-
ported to have good resistance to 1200° F sodium.

The oreep and stress-rupture properties of zirconium and its
alloys are inferior to 304 stainless steel at 1200* F. Alloy 321
most olosely approaches the elevated temperature strength properties
of 30"‘.

The major disadvantages of these refractory metals and alloys
ares

(1) Their limited avallability
(2) Their high cost

Both of these disadvantages are due primarily to the followe
ing: (1) they are in relatively early atages of development, and
(2) they require protection from atmospheric contamination during
fabrication or processing at elevated temperatures -- e.g., melting,
heat treating, and welding must be done in either vacuum or inert
atmosphere.

Phyeical properties for the )0 classes of materials are tabu-
lated in Tables 2-11, pp 9-19. These tables include: macroscopic
absorption cross-section, thermal conductivity, thermal expansion,
density and melting point or range for each of the materisls,

In Tables 12-21, the tensile properties of the materials are
shown for 80° and 1200° F. Typical properties described includes
Yield S8trength @ 0.2% Offset, Ultimate Tensile Strength, Elongation
and Modulus of Elasticity.

Tables 22-28, contain 1200°® F creep and stress-rupture
properties for many of the materials. Tor some of the alloys, this
information was not aveilable at or close to 1200® F., For others,
the temperature of interest is at a level where the material would
be unable to sustain a useful load.

The properties for Type 304, Stainless Steel were added to each
table for comparative purposes. In Tsbles 12-21, the tensile prop-
erties for this material represent typical values. The maximum allow-
able stresses used for design would be somewhat lower than the prop-
erties described.

<
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Class & Alloy

Class 1, Alloy Steels
2% Cr-1 Mo
sy

Class 2, Ferritic
Stainless Steels
Type 410
Type 430
Type 446
Type 406

Class 3, Iron & Iron-
Aluminum Alloys
Armco Ingot

Thermenol
Alfenol 16

Class 4, Austenitic
Stainless Steels
Type 304
Type 316
Type 347
321

Class 5, Precipitation
Hardening Stainle
Steels

17-7 PH
AM 350

Iron

TARLE 1 - NOMINAL COMPOSITIONS

C (Max)Cr N

0.15 2.25

0.15 2.25

0.15 12.5

0.12 16

0.35 25

0.15 13

0.01

0.05

0.01

0.08 19 9.5
0.10 17 12
0.08 18 10.5

0.08 18 10

0.09 17 ?
16.5

I

0.4

15.5
16

1.5

Bal

Bal
Bal
Bal
Bal

Bal
Bal

Bal

Bal
Bal

Bal
Bal

3¢5

2.5

0.02

om
88

Other Reference
0.4 Cb

21

21

21

21

P0,005, S 0,025, 21
81 Trace (Typical)

Oou

88

14
14
21
21
Cb 10 XC 21
Ti 5 XC Min.
1.00 Si 23
0.10 R, 0.5 Max S1 23
~ %
. o
™
>
2
o.
refr
Aot
D O\
o




Tablsl - Cont == ‘

Class & Alloy € (Max)Cr Ni Co e § Al Fe Mo Mn Other Reference

Class 6, Austenitic
Super Alloys

(Iron Base)
A-286 0.08 15 25 1.9 0.35 Bal 1.25 0.25 V 1%
19-9 DL 0.30 19 9 0.30 Bal 1.25 0.40 Cb, 1.25 W 14
N-155 0.15 20~ 20 20 Bal 3 1 Cb, 0.15 N,
2.5 W 14
Class 7, Nickel Base Alloys
Nickel 100
Inconel X 0.0k 15 73 2.4 0.6 7.0 1Chb 14
Rastelloy B 0.10 64 6 28 14
Hastelloy R 235 0.10 15.5 67 2.5 2.25 7 5 14
Udimet 500 0.10 16 52 19 3 3 g 00 lg 00- 0 snax,o.ggs B, X
o 6.,00-8.00 Al+Ti= . -00- Yo 0.06 Zr 1
Hastelloy N 0.08 © . 0.5max max 18.00 0.01B max, 0.035 Max,
Class 8, Cobalt Base Alloys 0.5 Si Max, - ‘f33)
s-816 20 20 44 Bal L co, 4 W 14
Haynes 25 20 10 Bal 2 15 W, 1.0 Max 5S4 22
Class 9, Copper Base Alloys
Copper 100 T Cu
Beryllium Copper 0.35 or 0.35 2 Be, Bal Cu 21
Cartridge Brass 70 Cu, 30 Zn 21
Claas 10, Refractory Metals
& Alloys
Molybdenum 100
- Moly-¥ Ti 0.5 99.5
Zirconium 100%Zr
Zircaloy-2 1.5 Sn, Cr + Fe
+ Ni, Bal Zr, from
0.18 to 0.38, Bal
ir 18
Al 321 1.25 1.0 1.0 Sn, Bal Zr Y =
Tungsten 100% W ® %0
) )
s tq
>
=
oo
rofe O
bt
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Pable 1 - Cont ==

Class & Alloy C (Max)Cr .+ 8 Co i Al Fe Mo Mn Other Reference
Class 10, Refractory
Metals & Alloys
Tantalum 100% Ta
Columbium 100% Cb
Vanadium g 100% V
Titanium 100
Beryllium 100% Be
Ch-1 Zr 1.0 Zr, Bal Cb
: =
‘ 5
o
X H




Nominal Congoaitiog

Alloy Steels
Type 304*

Physical Properties

Macroscopic Absorption Cross Section,

cm~t

TARLE 2, CLASS 1, ALIOY STEELS

2.25% Cr

1% Mo and 481

0.08% C, 19% Cr, 9.5% Ni, 2% Mn

Thermal Conductivity, BTU/hr-ft.°F

Thermal Expansion, « in/in-°F

Density, g/ce

Melting Point or Melting Range, °F

¢ For comparison

** Converted

Alloy Steel

0.22 (19)

15.8 (13) Est.
nearly constant
8.1 70°-1200°

(13)**

7.87 (19)
2775-2825 Est.

Neo. 5588

Date _ayg, 16, 60
Pg. 9 of _ 39

Type 304

0.26 (19)

7.35 at 70° (14)

14,1 at 1200°* (14)
8.7 70°-200° (14)
10.7 70°=1500° (14)

7.94 (14)
2550-2650 (14)



TABLE 3, CLASS 2,

No 5588
Dete Aug 1b, 60
Pg _10 of _39

FERRITIC STAINLESS STEELS

w
Nominal Compositions (Ref. 21)
Type ¥C % Cr ¥ Ni % Other
410 0.15 12.5
430 0.12 16
446 0.35 25
406 0.15 13 b Al
304" 0.08 19 9.5 2 Mn
Physical Properties
Type Macroscopic Thermal Thermal Density Melting Point
Absorption Conductivity Expansion g/ce or range
Cro;a-fection, BTU/hr-ft-°F e in/in=°F oF
o
ko £ . 0.22 (19) 13.4 at 200°® F (21) 7.0 0°-1500°F 7.75 (21) 2700-2750
(21) (21)
15.3 at 1000° T
430 0.22 (19) 13 at 200° F (21) 6.3 0°-1500°F 7.70 (21) 2650-2700
(21) (21)
14,2 at 1000* I
446 0.22 (19) 11.6 at 200° F (21) 6.2 0°-1500°F 7.60 (21) 2550=-2750
(21) (21)
13.% at 1000* F
Lo6 0.20 (19) 7.5 Est. at 68° 7.9 32°.1500° 7.32**(24) 2650-2750
(24) Est.
304 0.26 (19) 7.35 at 70° F (14) 8.7 70°=-200°F 7.94 (14) 2550-2650
(14) (14)
14,1 at 1200°* P 10.7 70°-1500° P

*For comparison

¢* Converted
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TABLE &, CLASS 3, IRON AND IRON-ALUMINUM ALLOYS

“No;

5588

Date

Nominal COmpéaition ¥

Aug, iz, 66'V §
Pg a1l _of _39 |

© 0.02 0,005 0,025 Trace (21)

Armco Ingot Iron 0,01
Thermenol - - 0,05 1 15.5 ' 33
Alfenol 16 0,01 16 |
Type 304 ES° 0.08 19 9.5 2.0
o théicai Propertiee
| Alloy Macroscopic  Thermal ' Thermal . Density
. Absorption QOonductivity - Expansion - g/ec

- Crogs Section, BIU/Hr«ft-IT . LS e dn/inaoF
Cn : ' ' o )

(1h)§
)

 Melting Peint.

or Range, °F

'.?trmco_' ;e S _ : . coUL
Ingot Iren 0.21 (19)  39.8~212% (21)  7.0°* at 212° 7.86 (21)
7Th6£ménolf 0.1k (19

© Alfenol 16  0.14 (19
%ype 304  0.26 (19)  7.35 at 70°, 8.7 79°-200° 7.9% (14)

),
.

L

*FOr comparison

** Converted

(a1) e

5.4 Est, ~68° 8 at 68° Est. 6,08 (19)
S.b Est.~~ 68° 8 at 6B° Est. 6.02 (19)

14.1 at 1200° (14)  (1&4)
: 10.7 70°-1500°*
- (1h) o

B A

2802¢¢ (21)

;

2650-2750 Est.

2650—é890‘zsté

2550-2650 (14

: fy;ﬁg‘_ -', é

‘;7 . f 7 7‘ t‘f |I; . é;i’



No 5588
Dot s TE 0

' DAELE 5, CIASS b, AUETENITIC sATMiEss mmis i O —2i-
) | |
“"“; Nominal Composition (Ref. 21) : S ,
f,”wmype 304 0.08 19 945 2 - 1'5:}'11 vg
| Type 316 00 17 - 12 | B 2.5 - | | v
Type 347 0.08 18 10.5 o - ’éb_léxgl‘ |
Type.}Zl;' 0;08 - 18 9.5 7  . 15 §1 SXé hin .‘ﬂ

_ Physical Properties

" Alloy =~ Macroscopic Thermal L ‘Tﬁermal ,Densiiyli‘nblting Poix
: Absorption Conductivity - Expansion g/cc or Range,

- Crois Section. BYU/ nreft-tF o 70 ,Q,in/an‘F S oF

S cm , - L ‘
wype 304  0.26 (19)  7.35 et 70° (14) 8. z 430.'200. 7 94 (1&) z5so-afso)‘§
A ! oy |
| 14,1 at 1200° (14) ,10(7 )70-01500°

_ o 14) | L
Type 316 0.2k (19) 9.0 at 200° (21) - 11 0°1500° 7.98 (21) 2500-25%0
e . - (21) S (an) J

12.25 at 1000° (21)

S oerem A \ . B 3 L
. i

Typa 347 0.2 (19) 9.25 at 212° (21)* 10.6 o'-laoo°8 03 (21)' 2550- :
- | ‘ . (a1) 2600 (21)

12.8 at 932° (2100

Type 321  0.26 (19)  12.5 at 1000° (21)  11.3 o'-xsoo° 8,02  2550-2600
L ' (21) o - @)

¥ Converted

rid

W



No ”5588  :
~ Date Aug. 16, 60
Pg 13 of _39

TAELE 6, CLASS 5, PRECIPITATION HARDENING STAINLESS STEELS'

Nominal COmgoaition

~ Alloy $C  ¥%or %N % Others

17-7 PE . 0.09 17 7 1.15 A1, 1.0 Ma, 1.0 51 (23) |
AM-350 0.12 16.5 4.5 3.0 Mo, 0.1 N, 0.5 84, 0.9 Hn'(ZB)%

Type 304° - 0.08 19 9.5  amm  (21)

Physical Properties

Alloy  Macroscopic  Thermal Thermal vDénaity Melting Point |

Absorption Conductivity - Expansion = g/ec or Renge, °F
Croge Section, BTU/hr~ft=°F -/ _cdn/ip.%F v . , i
Cm ) :

17=-7 PH 0,23 (19) 1 9.35 at 200° (1) 5.% )700.,8000‘ >7'67o¢ (1) 2550'-265Q Est

~ 12.0 at 800° (1)

AM-350 0.2k (19)  12.b at 932° Est. 6.3 ;o=-1400° 7.94%¢ (1) 2550-2650 Est. '
e ERCEE ) 1 L
Type 304* 0.26 (19) 7335 at 70° (14) 8-? Zg‘-200° 7.9% (14) 2550-2650 (14):

~ 1 S . |

14,1 at 1200° (1) 10.7 70°-1500° (14)

*For comparison

' "converted



" PAELE 7, CLASS 6, AUSTENITIC SUFER ALIOYS -

Bominal Composition

,:No;' 5588

Date gug, 16, 60
Pg Of 39

% Othqréﬂ.

0.26 (19)

‘SFor comparison

1k,1 at 1200° (14)

Alloy %C $Cr %KL %Co %7 KAl %Mo BRRE
A-286 0,08 15 25 1.9 0.35 .25 0.25V . (1) |
19-9 IL  0.30 19 9 0,30 125 0.4Cb, L.25W  (18)
H-155 0,15 20 20 20 3 10b, 015K, 2.5 W (14)
Type 304 - . ' B n -
85* 0.08 19 9.5 2 Mo (21)
lggysical Propertiea
Alloy Macroscople Thermal Thermal - 'Dénsitf Hglfing'Péini
' é::°:p§:::ion Conductivity ’ -Expanaiog - glee or Range, ’
: %i ' M/Sr,fg.vrm e An/inleF - »,fr R
 Ke286  0.27 (19) 7.35 at 70° (14) 94 2 7?--2004' 7.94 (14) 2500~2600(14]
14,35 at 1200° (14) 10,3 70°-1500°
| T T e |
19-9 DL 0.2k (19) 7.84 at 70° (1) 8.5 ?o;;zoo-'. 7.9k (14) 259?;§§15
o 1 | - N
12.25 at 1200° (14) 10 70%1500° o
'He155-- 0.85 (19) 7.1 at 70% (14) 17 70°-600° 8,27 (14) 2325~2475
| ' , (k) ' (k) |
12.8 at 1200° (14) 9.8 70°-1500°
- o . (1%)
Type - - o S B ,
304 7.35 at 70° (14) 8.7 70°«200* 7.94 (14) 2550+2650

(14) | ST A

0.7 70°-1500°

(14)

(%]
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5588

w0 |
' Date Aug. 16, 60
_ Pg 15 of _329
TABLE 8, CLASS 7, NICKEL BASE ALLOYS :
Npminal.Compoéitionr
Alloy $C %Cr %N %TL %A %Fe %Mo ¥ Others
Nickel 100 '
“Inconel X 0.0k 15 " 73 2.4 0.60 7.0 10y (14)
~ Hastelloy B 0.10 64 ' 6 28 ‘ (1%)
" Hastelloy : » , -
R=-235  0.10 15.5 67 2.5 2.25 7 ()
- Udimet: 500 0,10 16 52 3 3 2 i 19 Co, (124)
. : ' 0.005B, 0.06 2r
Type 304 ‘ '
- 88* 0.08 19 9.5 : Bal 2 Mn (21) o
Hastelloy N 0.08 6.00-8.00 Al4Ti= 5,00msx 15.00- 0.01B max, 0.03 5 mq
: , : 0.5max 18,00 8 g ﬁ%, max (33)
Physical Properties - 7 Y. o o
Ailoy «--—Macroscopie Thermal Thermal - Density - Melting Poiﬁ
: . Absorption Conductivity  Expansion g/ec . or Range, |
Crois Section, BTU/hrpfte‘F /‘Lin/iné°F ' oF B
Cm~ P R
Nickel 0,42 (19) 3.4 at 680 (21)7 b at 68° (21) 8.90 (21) 2651 (21)4'
" Inconel X 0.36 (19) 7.1 at 68° (1) 7.6 at 100%  8.24°* (1) 2540 (1)
' : ' - 200° (1) : o
13.0 at 1200° 8.4 100°-1200° .

. (1) (1) S , |
Hastelloy O0.34% (19) 9.48 at 1112°* 6.73 70°-1200° 9.24 (22) 2k10 (21)
B : ' - (22) . (22) _ o
Hastelloy 0.36 (19) 12.1 at 1200° 8.1 200°-1200° 8.30°** (5) 2350-2450

R-235 : | (5) - (5) | ' (5) |

Udimet 0.86 (19) 6.34 at 70° 6.25 70°-200°* 8.02 (14) - 2350-2450

500 () (14) ' | abh

' 11.8 at 1200° 8.36 70°=1500% |

(14) o s | -

Type 0.26 (19) 7.35 at 70° 8.7 70°-200° 7.94 (14) 2550-2650

304 s8¢ o (14) (1%) ‘ : : (14) |

14,1 et 1200° 10,7 70°=1500° |

) (14) (33) (14) x : - |

Hestelloy N 0.356%% 5.55 at 212°F (33, 5.76 70-400°F 3?;3) 8.79(33) ——

16.2 st 1112°r(33) 7.34. 70'-1zoo‘r(33) 2430 é

| , 18.1 at 1292°F 8.10 70°-1600°F (33)

*FOr comparison : ‘ , |
}" Converted

016

A
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No

- 5588

Date Aug. 16, 60

TABLE 9, CLASS 8, COBALT BASE ALLOYS

Nominal Compeosition

Pg 16 of 39

*For comparison

14,1 at 1200° (14)

10.7 70°=1500°
(14)

Alloy %C ¥ Cr % Co ¥ Ye . % Other
5816 0.40 20 - 20 L  Bal b Mo, |
4 Cb, bW
(14)
Haynes 25 ° 0.15 20 B 1) Bal E ,2 1,5 Mn, f
v ' ’ - 15 W, 1 Max
81 (22)
Type 304 SS* 0.08 19 9.5 . Bal 2 Mn (21)
"_Phisical Properties B
Alloy 'Hadroscopic Thermal _ Thermal ' Deﬁsity Melting Poinfi
Absorption Conductivity Expansion g/cc or Range, ]
crgis Section, BIUAT={t°F " e in/inloF 7 © - ep .
5-816 1,62 (19) 7.16 At 70° (14)6.5 70°~ 8.66 (14) 2350-2450
’ 4 200° (14) (14)
L 13.4 at 1200° 7.8 70°-1500° (14) .
T ETE 7 (14) ~ f
Haynes 25 1.99 (19) 12.5 at 1200° 8.55 70°-1200° 9.15 (:5) 2570 (5)
, (5) - (5) '
Type 30k 0.26 (19) 7.35 at 70° 8.7 70%-200% 7.9% (14) 2550-2650
. : (14) (14) (14) o



No 5588
Date Aug. 16, 60

Pg 17 of __ 39

TABLE 10, CLASS 9, COPPER BASE ALLOYS

Nominal COmgosition

Alloy % Cr % Ni % _Cu % Fe % Mn % Other
Copper 100
Beryllium
Copper Bal 0.35 Ni or
0.35 Cr, 2 Be
Cartridge
Brass 70 30 Zn
Type 304 55* 19 9.5 Bal 2 0.08 C Max
Physical Properties
Alloy Macroscopic Thermal Thermal Density Melting Point
Absorption Conductivity Expansion g/cc or Range, °F
Crg!s Section ,BTU/hp-Tt-°F ‘/“,in/in-°F
Cm T
Copper 0.35 (19) 226.5* at 68° 9.2 at 68° (21) 8.96 (21) 1981 (21)
(21)
Beryllium
Copper 0.29 (19) 48.3* at 68° 10.6 392°-572°**
(21) (21) 8.23 (21) 1587 (21)
Cartridge 0.23 (19) 70.0* at 68° 11.1 77°=572° 8.53 (21) 1750 (21)
Brass (21) (21)
Type 304°* 0.26 (19) 7.35 at 70° (14) 8,7 70°-200°7.94 (14) 2550-2650 (14)
(k)
14,1 at 1200®* 10.7 70°%-1500°
(14) (14)

*For comparison

¢+ Converted



No 5588

Date Aug. 16, 60
Pg 18 of _ 39

TABLE 11, CLASS 10, REFRACTORY METALS AND ALLOYS

Nominal Composition

Alloy:
Molybdenum Pure
Molybdenum - 1/2%
Titanium
Zirconiunm Pure
Zircaloy=2 Sn 1.2 « 1.7%, Fe + Cr + Ni 0.18 - 0.38%,
Zr Bal (18)
Al 321 1.25 Al, 1 Mo, 1 Sn, Bal Zr
Tungsten Pure
Tantalum Pure
Columbium®* Pure
Vanadium Pure
Titanium Pure
Beryllium Pure
Type 304 sSs*° 0.08% C, 19% Cr, 9.5% Ni, 2% Mn, Bal Fe (21)
Cb-1 Zr 1.0 Zr, Bal Cb

Physical Properties

(See next page)

*Niobium

¢** For comparison
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(Table 11, Class 10 - Continued)

Physical Properties

Alloy Macroscopic

Absorption Thermal

Cress-Section Conductivit

oa-t ' Bm/ 'éf?’ x”*g
Molybdenum 0.16 (19) 84.7 at 68° (21)
Moly-% Ti 0.16 (19) 7.5 at 68°® (Est.)
Zirconium 0.008 (19) 12.15 at 68° (26)
Zircaloy=~2 0.008 (19) 10.0 at 1100° (2¢)
AI 322 0,009 (19) 10.0 at 1100° (Est.)
Tungsten 1.21 (19) 116 at 68° (21)
Tantalum 1.18 (19) 31.4 at 68° (21)
Columbium® 0.06 (19) 33.8 at 1112° (2)
Vanadium 0.36 (19) 21.2 at 932° (3)
Titanium 0.32 (19) 8.1 at 212°® (27)
Beryllium 0,001 (19) 65 at 1200° (6)
Type 304 Ss** 0.26 (19) 7.35 at 70° (14)

14.1 at 1200° (1k4)

Cb-1 Zr 0.0605 (19)
*Niobium

** Por comparison

Thermal
Expansion

_«~in/in-°*F

2.7 near 68° (21)
3,13 32°-1400° (1)
3 near 68° (21)
3 near 68° (Est.)
3 near 68° (Est.)
2.4 near 68° (21)
3.6 near 68° (21)
4,0 near 68° (21)
4,3 near 68° (21)
4.7 near 68° (21)
8.7 near 681292°
(6-¢onv.)
8.7 70°-200° (14)
10.7 70°=1500°
(14)

Density

Egcc

10.2
10.17
6.5

(21)

(21)

6.53 (19)

6.46 (19)
19.3 (21)
16.6 (21)
8.57 (21)
6.0 (21)
L.sk (21)
1.86
(6-conv)
7.94 (1)

8.55(19)

Melting Point
or Range, °F

(19)

4760
k720
3364
3300
3300
6170
5425
4380
3150
3300
2345

(21)
(21)
(20)
(Est.)
(Est.)
(21)
(21)
(21)
(21)
(21)
(6)

2550-2650 (1

34
ny e3eq

8gss

T

L)

ON

6¢ Jo
09 "9t




TABLE 12, CLASS 1, ALLOY STEEL
TENSILE PROPERTIES

TYFE 0.2% OFFSET ULTIMATE ELONGATION

MODULUS OF
OF YIELD STRENGTH - TENSILE STRENGTH % IN 2" ELAGTICITY
MATERIAL (PSI) (PSI) (10"~ PSI1)
8o F 1200° F 8o* 1200° F 8o F 1200° F 8o r 1200° F

Steel 3
2% Cr +
1 Mo 43,000 20,000 72,000 32,000 43 54 - -
Type 304
Stainleas
Steel 34,000 12,000 85,000 42,000 63 39 28.3 21.5

hgyle 103,800 56,000 116,600 60,000 16°* 18 - -

*For material normalized at 2150° ¥ and tempered at 1200®* ¥ = 1 hr

** Elongation in 1%

[N
I

-~
b

‘@\.\.

REFERENCE

13

13

32

e3eq
oN

i

09

&  Jo “07 34




TYPE
OF
MATERIAL

410
430
L6
406

Type 304
Stainless
Steel

t2

TABLE 13, CLASS 2, FERRITIC STAINLESS STEELS
TENSILE PROPERTIES
0.2% OFFSET ULTIMATE ELONGATION
YIELD STRENGTH TENSILE STRENGTH % IN 2"
(PSI) (PSI)
8o* r 1200* ¥ 8o r 1200° F 8o r
- - 89,000 23,000 30
39,500 12,000 74,000 22,000 32
51,500 13,000 83,000 24,000 25
- - 86,000 20,500 25
34,000 12,000 85,000 42,000 63

1200°* F

50
55
60

61

39

MODULUS OF
ELASTICITY
(10° ps1) EEY.
go* ¥ 1200° F
29 - 13
29 - 13
29 - 13
29 - 2h
28.3 21.5 13
ek
| & o
"-
o
)

1>
g8

8% 30
¢]



TYFE
OF
MATERIAL

Armco
Iron

Thermenol
Alfenol 16

Type 304
Stainle&s
Steel

TABLE 14, CLASS 3 IRON AND IRON-ALUMINUM ALLOYS
0.2% OFFSET UI.TIMATE
YIEL) STRENGTH TENSILE STRENGTH
(rsI) (rs1)
8o r 1200° F 8o* F 1200° F
33,700 7,000 46,300 8,800
71,000° - 90,000°* 53,000°*
4 s w0
65,000 - g 85,000 -
I
34,000 12,000 85,000 42,000

® Rolled bar, annealed at 1925° F
** Hot rolled plate

)

R ¥ U

™~
M

ELONGATION

% IN 2%

80° F 1200° F
31.0 26.5
3.7° 16.6°*
24 -

63 39

MODULUS OF

ELASTICITY

(106 PSI) REF,
8o* F 1200° F

29.8 - 30,21
28.3 2l.5 13

V e3eq
oN

8899

P

B¢ 3o ~ e 34



TABLE 15, C1Ass L, AUSTENITIC STAINLESS STEELS

TITSILE PRORE

PTIFS

IYPD G.2% OFFSET ULTIMATE ELONGATION MODUIUS OF
or YLD SBREGTH TENSILE STRENCTH % IN 2% T ASTICITY
HATERTAL 1 ;
HTERTAL e (BST) (10° ¥81)
& F 1-00° F Sos F 1200¢ F 30° r 1200° F 8o¢ F 1260° F

304 - 34,000 12,000 85,000 42,000 63 39 23, 21.5
216 39,500 20,000 25,500 59,000 60 Lo - -
z47 39,500 26,000 91,000 48,000 50 &4s - -
321 — 33,000 17,700 85,000 43,000 58 4g.s - -

v

¢2 34

3o

14

13
13

13
13

83uq
ON

8gses

09 "ot



TABLE 16 CLASS %, PRECIPITATION RARDENING STAINLESS STEELS
TENSILE PROPERTIES

TYPE 0.2% OFFSET ULTIMATE ELONGATION
OF YIELD STRENGTH TENSILE STRENGTH % IN 2"
MATERIAL (PsI) (PsI)

80°* F 1200 F 8o° r 1200°® F 8o* r 1200° F
17-7 PH-TH 1050 150,000 - 180,000 - 11.5 -
AM 350. goT 152,000 47,000 198,000 68,000 13 16
Type 304
.Stainless
Steel 34,000 12,000 85,000 42,000 63 39

MODULUS OF

ELASTICITY

(106 PSI) REF.

8o* F 1200° F

29 -— 1
- - 1

28.3 21.5 13




TYPE
OF
MATERIALS

A-286
15~9 DL
N-155
Type 304

Stainless
Steel

1200° ¥

13
33.5
31

TABLE 17 CLASS 6, AUSTENITIC SUPER ALLOYS (IRON BASE)
TENSILE PROPERTIES
0.2% OFFSET ULTIMATE ELONGATIOR
YIELD STRENGTH TENSILE STRENGTH % IN 2"
(PsSI) {Ps1)
go* 1 1200° F 80 1 12C0°F 80° F
93,500 86,000 143%,500 163,000 2k
69,000 37,000 118,300 75,000 55.%
57,000 43,000 119,000 80,000 43
34,000 12,000 85,000 42,000 63

39

MODULUS OF
ELASTICITY
(106 PBY)

8o* ¥ 1200° ¥
29 21

29.5 21.5
29.3 22

28.3 21.%

8¢ Jo %e 34

14

1b
14

13

RY e3sq
ox

88%s

09 "9t



TYPE
OF
MATERIAL

Nickel

Inconel X

Hastelloy B

Hastelloy
R-235

Udimet 500
Tyve 304

Stainless
Steel

Hastelloy K°

*Wrought,

TARLE 18 CIASS 7, NICKEL BASE AILlOYS

TENSILE PROPERTIES .

0.2% OFFSET ULTIMATE
YIELD STRENGTH TENSILE STRENGTH
(PSI) (rsI)
8o° r 1200° F 8o° F 1200 ¥
22,000 10,000 65,000 23,000
132,000 100,000 184,000 142,000
55,000 - 80,000 63,000
42,000 71,000 157,000 135,000
125,000 114,000 195,000 176,000
34,000 12,000 85,000 42,000
45,500 31,600 115,100 69,600
(1300°F) (1300)

Heat Treated at

2150* F, Rapid Air Cool

ELONGATION
% IN 2%

8o° ¥

31

63
50.7

1200* F

12

15

29

39

30.0
(1300°F)

MODULUS OF

ELACTICITY

g106 PSI)

ace v 1200* F

31.5 25

26.5 -

28 24

21 26

28.3 21,5

31.3 27.0
(1300°F)

30 T 92 34

11

33

838Q
N

1119




TABLE 19 CLASS 8 COBALT BASE ALLOYS
TENSILE PROPERTIES

TYTE 0.2% OFFSE? ULTIMATE TLORGATION » MODUILYS OF
or YIELD STRENGTH TENSTLY STRENGTH % IN 2% ELASTTCITY
ST - P
MATERIAL {Ps1) (rsy) 105 £5T) EEZ.
30° F 1200° F  AQ° F 1200° F %o® ¥ 1200° F 80 Fr  1200° F

8-816 55,000 4,000 140,000, 112,000 \35 23 35 28 p L
Haynes 25 67,000 35,000 156,000 - 92,000 6k 54 32 26 s
Type 304

Stasinless

Steel 34 000 12,000 85,000 42,000 63 39 28.3 -21.%5 - 13

N ¥
[ d

L’o

NI It hn
£

3o

oz

(S



TABLE 20 CLASS 9, COPPER BASE AL1OYS
TENSILE PROI'ERTIES

TYFE 0.2% OFFSET ULTIMATE .. ELONGATION MODULUS OF
oF YIELD STRENGTH TENSILE STRENGTH % IN 2v EILASTICITY
MATERIAL (rs1) (FsT). ;106 PSI) REF.
8o* »r 1200° F 80°* F 1200° ¥ 80° r 1200° F 8o r 1200° F

Ceoprar X Hard 30,000 —-— 38 ,000° - 25 — -— -—

(tough pitch) * ’ | 2
Beryllivm-

Copper 140,000 - 175,000 - 6 -~ - - 10
Certridgpe
Type 304
Stzirless .
Stesl 24,000 12,000 85,000 42,000 €3 29 283 21.5 13

838q

p -]

(114

- ™
é}f{; :

oN

88¢$




TYFE
oF

TR MT TV A
dadh Lol

Molybdenum

Molybdenum +
1,/2 Titanium

circonium
sirc: loy-2
AF32)
Tungsten
Tantalum
Columbiuw

Vanadium

Titanium
6A1-4V

Beryllium

Type 30k
Stainless
Steel

Cb-1 Zr

TABLE 21 CIASS 10, REFRACTORY METALS AND ALLCYS

TENCILE FPROFERTIES

0.2% OFFSET ULTIMATE ELONGATION MODULUS OF
YIE] D STRENGTH TENCILE STRENGTH o Im 2" ELAETICITY
(rsx) (rs1) (10 PSY) REF.

8o* P 1200° F 30° F 1200°* F 80° F 1200°* F &0° F 1200* F
(1600°F; (1€00°F) (1600 °F) (1600°F)

¢5,000 45,000 91,000 51,000 ic 22 45 3G 4
(1400°F) (1400°F) (1bko0° T (1400°F)

65,000 &e,000 132,000 ok, 000 2] 16 he ko 1

35,500 3,100 62,000 7,800 18 134 17 8.5 25

k3,000 6,100 71,000 41,000 23 &o 26.7 6 12

88,000 28,000 108,000 32,000 17 55 -— - 28
(600°C) (600°C) (600°C)

-~ 13,000 91,200 55,000 o) bl -- - S
57 ,000C 19,000 67,000 45,000 25 17 _— - 7
37,000 1L ,000 th 260 52,700 1S ac 13 - 2

(600°C) (600°C)
-- - 81,000 36,000 2 38 18 -- 3
: (1000°7) (1000°7™) (100097}

130 ,000 65,000 142,000 81,060 17 35 .- -- 8
65,000 15,000 80,000 15,000 5 15 b2 -- 6
34 000 12,000 85,000 42,000 63 39 28.3 21.5 13
21,400° - 70,000 55,000 18,2 - TP

*Proportional limit, converted value
** ] inch gage length

(Ref. - 2,34) ~;*
g

te. ]

e
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CREEP PROPERTIES

TYPE TEST

oF TEMPERATURE
MATERIAL (°F)

2% Cr + 1 Mo 1200
Type 304

Stainless

Stesl 1200
Lgle 1200

TABLE 22 CLASS 1, ALLOY STEEL

MINIMUNM
CREEP
STRESS RATE
(ps1) (%/HR)
2300 lx 10:2
4300 1x10
4100 1 x 10~°
6900 1 x 10"‘+
20,200 1.4 x 1072

*Normalized 2150° F and tempered 1300°* F ~ 1 hr

STRESS - RUPTURE PROPERTIES

TEST
TEMPERATURE
r)

1200

1200

1200

STRESS (PSI) FOR RUPTURE IR

1000 HRS

8500

14,000

20,200 (136 hrs)

10,000 HRS

6200

9700

13

13 & 1k

32

o337
OoN

3o T o¢

9
1714




Y

TABLE 23, CLASS 2, FERRITIC STAINLESS STEELS

.- CREEP PROPERTIES STRESS8-RUPTURE PROPERTIES -
MINIMUM
TYPE TEST STRESS CREEP TEST STRESS (PSI) FOR RUPTURE IN
OF TEMPERATURE (PSI) RATE TEMPERATURE
MATERIAL (°F) {%/HR) (°F) 1000 HRS 10,000 HRS REF.
410 1200 1200 1x 1077 1100 10,000 6900 13
2000 1x 10"“
430 1200 1500 1 x 107 1200 5,000 2400 13
2200 1l x 10‘“
46 1200 800 1 x 1077 1200 4,000 2200 13
1400 1l x 10"“
Type 30k 1200 43100 1 x 1077 1200 14,000 9700 13 & 14
6900 1 x 3.0"‘+
d 2
] o
-
|

Jo

o

6%

09 Y91 2Ry e3uq
3365




TABLE 24 C(C1ASs 4, AUSTENITIC STAINLESS STEELS

CREEP PROPERTIVS

TYFE TEST
OF TEMPERATURE
MATERIAL (°F)

304 1200

316 1200

347 1200

321 1200

-
L&

STRESS

(PSI)

4100
6900

6600
12700

6100
8200

8000

MINIMUM
CREEP
RATE
(%/HR)

1 x 107>

1 x 1o‘h

107>

1 x 10’4

»

1077

1 x 10-#

1 x 10’“

f
»

TEST

TEMPERATURE

(°F)

STRESS-RUPTURE PROPERTIES

1200

1200

1200

1200

STR&SS (PSI) FOR RUPYURE IN

1000 HRS

14,000

24,700

17,500

17,500

0,000 HRS

9,700

18,200

11,000

9,800

12 & 14

13

13

13

ON

88




TABLE 25

CREEP PROPERTIES

TYPE TEST

OF TEMPERATURE STRESS

MATERIALS (°F) (PSI)

A - 286 1200 29,500

19 - 9 DI, 1200 20,000

N - 155 1200 29,000

Tyve 304

Ctainless

Steel 1200 4 100
6,900

Y

CLASS 6, AUSTENITIC SUPER ALLOYS

HINIITUM
CREEP
RATE

(%/HP)

1l x 10'#

1l x 10‘“

TEST
TEMFERATURE
(°F)

1200

1200

1200

1200

STRESS ~-RUPTURE PROPERTIES

STRESS (PSI) FOR RUPTURE IN

1000_HRS

46,000

37,000

L2,000

14,000

10,000 ARS

32,000

31,000

25,000

9,700

14

14

14

13 & 14

34

e3uq
oN

41

3o
11

6%
0




TIPS
OF
MATERIAL

Nickel

Inconel X

Hastelloy B

TABLE 26 CLASS 7, NICKEL BASE ALLOYS

CREE" PROPERTIES

Hastelloy R-235 ==

Udimet S00

Type 304

Stainless

Steel

Hastelloy N

(408
i la

TEST
TEMPERATURE STTESS
op (pPsI1)
1200 64,000
1200 4,100
6,900

MINTMUM

CREEP

RATE
(H/ER)

X 10-4

1l x 10“5
1 x 107

STRESS~-RUPTURE PROPERTIRS

TEST
TEMFERATURE
°F

1200

1200

1200

1200

1300

STRESS (©SI) FOR RUPTURE IN

1000 HRS 10,000 HRS

-~ — -

55,000 -

40,500 -

75,000 (100 hre) -

€9,000 46,000

14,000 9,700

20,000 (338.6 hrs) -

22

14

13 & 14

33

Yy 83eq
ON

) T 34

I .
88

0



TYPE
OF

MATERIAL

s 816

Haynes 25

Type }ﬂl&
Stainless
Steel

L)

&M

)

TABLE 27 CLASS 8, COBALT BASE ALIQYS

CREEP PROFERTIES

TEST
TEMPERATYRE STRESS
(°F) rsI)
1200 42,000
1200 4,100

MINIMUM
CRFEP
RATE

(2 7y
RSt S

1 x 10““

TEST
TEMPERATURE
(°F)

STRESS-RUFTURE PROPERTIES

1200

1200

STRESS (PSI) FOR RUPTURE IN

10C0 FRS 10,000 EES
14,000 9,700

13 & 14

83870

oN

1113

09 "91

8% jo ot %a



TABLE 28 CLASS 10, REFRACTORY METALS AND ALLOYS

e am el

CREEF PROPERTIFES STRESS—RUPTURE PROTERTIES
MININUM
TY:E TEGT CREED TEST STRESS (©SI) FOR PUPTURE IN
CF TEMPERATURE SURESS RATE TEMPERATURE
MaTERIAL (°F) (FsI) (%/HR) {°F) 1000 HRS 10,000 HES REF.
Molybdenum 1832 10,000 5:% x 1077 -- - - &
Molyhdevum + -— — — — - -—
1/2 Titanium
Zirconivm -— - - - - -
-l
AY 321 1200 2,000 1x107%, - — - 25
1,500 1.1 x 10
Tungsten
Tantalum
Columbium 1112 8,000 6 x 10:2 - - - 2
16,000 1 x 10
Vanadium 1112 8,000 1.7 x 1077 - - -— 3
Titanium
" Beryllium 1250 2,000 9 x 10-4-1 1200 2150 2000 (2500 hrs) 6
. 3,190 2.8 x 10
Type 304
<“§5ﬁ1n1088 1200 4,100 1x 10:2 1200 14000 9700 13 & 14
j Steel 6,900 1 x 10

Mo 5588 . pate Aug 16,60 ; Pg 36 of _ 39
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