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FOREWORD

This report is submitted to the National Aeronautics and Space Administration,

Lewis Research Center, by the Lockheed-Georgia Company in accordance
with the requirements of NASA Contract NAS 3-7987.
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1 SUMMARY

This is a summary report on a test program to determine the effects of a combined

nuclear-cryogenic environment on the tensile properties of thirty-three (33)
structural a IIoys.

The tensile testing was performed under three conditions; at room temperature with-

out irradiation, at 30°R without irradiation, at 30°R in a high flux zone of a nuclear
reactor after 1 x 1017 nvt (E > 0.5 Mev) at the same temperature. The irradiation
times varied from 11 to 17 hours.

Special remote handling and test equipment was designed and fabricated and installed

at the HB-2 location of the NASA Plum Brook Reactor Facility to allow remote manip-
ulation and testing under 20 feet of shielding water. Specimen temperature control

was provided by a 1150 watt refrigeration system using gaseous helium as the cryogenic
fluid.

TL,,,e materials -_-Jte_l_u included thirteen i1_,3) aluminum a,ll, oys; six /_kvldifferent titanium

alloys or alloy conditions; four (4) nickel alloys and ten (10) different iron alloys or
alloy conditions. The properties that were measured were the yield strength, the
ultimate strength, the elongation, the reduction of area and, in some materials, the

notched ultimate strength.

Aluminum 1099 (-H14) showed a previously unreported reduction in tensile yield
strength at 30°R unirradiated which was fully recovered with irradiation. The heat

treatable high-copper aluminum alloys and the aluminum-magnesium silicon alloy
6061 show a consistent reduction of ultimate strength due to irradiation at 30°R. The
hlgh-magnesium-low-zinc aluminum alloys gave no indication of serious deterioration

of mechanical properties due to irradiation.

The titanium alloys tested exhibited similar cryogenic and irradiation effects. They
showed generally increased strength due to the cryogenic environment and, with the
exception of the 5% AI-2 1/2% Sn, with extra low interstitial content, also showed
generally increased strengths due to irradiation at 30°R.

The nickel alloys, Ren_ 41 and Inconel X show significant decreases in notch strength
due to irradiation, while K-Monel shows an increase in yield strength and Inconel
shows an increase in notch strength due to irradiation at 30°R.

The cryogenic and nuclear cryogenic effects in the austenitlc stainless steels appear to
be a function of the austenltic stability.

ASTM A 353 appears to be the only non-austenitic steel tested to show improved char-
acteristics due to both cryogenic and nuclear cryogenic environments.



2 INTRODUCTION

The combination of a fast neutron and cryogenic environment encountered in the

structural members of a liquid hydrogen nuclear rocket imposes service conditions
dissimilar to those encountered in other engineering applications. Both fast

neutron bombardment and extremely low temperatures affect the mechanical prop-

erties of engineering materials; therefore the magnitude of the combined effect

must be determined to providebasic design information before materials for a re-

liable nuclear rocket system can be selected. Since the neutron irradiation effects

are self-healing through spontaneous annealing even at low temperatures, tests to

provide the desired information concerning the combined effect must be conducted

with the specimens held at the temperature of interest during the entire irradiation

and testing period.

A screening program, authorized by Contract NASw-114 between the National

Aeronautics and Space Administration and the Lockheed-Georgia Company, was
undertaken to assess the effect of fast neutron irradiation on selected engineering

alloys at temperatures near the boiling point of liquid hydrogen (-423°F). The

thirty-three (33) materials selected for the screening program, including thirteen

(13) aluminum alloys, six (6) different conditions of titanium alloys, four (4)
nickel alloys and ten (10) different ferrous alloy conditions, are shown in Table 1.

The principal objective of the screening program was to determine which of the

several alloys were least susceptible to deterioration of mechanical properties in
a combined nuclear-cryogenic environment. An additional, although secondary,

objective was to investigate the possibility of formulating theoretical models of
the nature of low-temperature irradiation effects to allow prediction of their mag-
nitude in other materials.

Test results from the screening program are reported herein and consist of tensile

tests on parallel samples of unnotched specimens (3 to 5 specimens per sample)

for each alloy at room temperature unirradiated; at 30°R (-430°F) unirradiated;
and at 30°R irradiated to 1 x 1017 nvt (energies greater than 0.5 Mev).

Notched specimen data were also obtained for each alloy tested at room tempera-
ture unirradlated; at 30°R unirradiated; and several alloys at 30°R irradiated to
1 x 1017 nvt (E_ 0.5 Mev).

All testing was performed at the NASA Plum Brook Reactor Facility using testing

equipment specially designed and built by the Lockheed-Georgia Company for
the program. Temperature control was maintained with an 1150 watt helium

refrigerator designed for the project by the A.D. Little Company.

3
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All test specimens for each material were made from one special lot of the material
with a common melting and fabrication history. The raw material was subjected to

a rigorous inspection program including ultra-sonic, X-ray and eddy current tech-

niques to insure uniform quality. A complete pedigree containing full chemical

analysis, mechanical properties and metallurgical characteristics was supplied by
the vendor with each lot of material. A summary of this pedigree data is given

in Appendix A. The complete material history has been published in Pedigree of

Metals and Alloys, Lockheed ER-5542 of February 1962 and its Addendum of

September 1963.



3 TESTMATERIALSAND SPECIMENS

The materialsselected for testingand the designand techniquesfor fabrication of
the test specimenswere dependenton manyfactors and are discussedin the following
paragraphs.

3.1 MATERIALSELECTION

The extent of the screening program was necessarily limited by the need to produce
experimental data for use as design criteria for the first generation of nuclear

powered extra-terrestial vehicles. Major components located in a high flux radia-

tion environment on such a vehicle include cryogenic fluid pumps, liquid hydrogen
storage vessels, shells, nozzles, ducts, bellows and bearings. The diverse nature

of such hardware required in a functioning nuclear rocket involves a fairly wide

range of material types.

The materials selected for inclusion in the screening program, summarized in Table

1 , reflect the opinions of numerous governmental installations and industrial

laboratories with design responsibilities in the aerospace field from whom suggestions
had been invited. These materials fall into four general material classes: aluminum

alloys, titanium alloys, nickel alloys and ferrous alloys.

The literature describing the effects of cryogenic temperatures on materials is, extens-
ive and has been ably compiled in the Cryogenic Material Data Handbook, )

initially by the Bureau of Standards and more recently by the Martin Company under
Air Force contract. Likewise, the literature on the effects of nuclear irradiation

at normal temperatures is widely disseminated and has been competently indexed
by the Radiation Effects Information Center( 2 ) at Battelle Memorial Institute.

However, reported test data on the combined effects of nuclear irradiation and low

temperatures is fragmentary.

3.1.1 Aluminum Alloys

The aluminum alloys are logically divided according to those which are fabricated
in the wrought condition and those which are fabricated in the cast condition.

(1) References are listed in Section 10.

7



3.1.1.1 WroughtAluminumAlloys

Since thewroughtaluminumalloys, being of a face centered cubic lattice,
usually exhibit desirablecryogenicbehaviour, (3)ten were selectedfor the
screeningprogram. The light weight of the aluminumalloys makesthem
attractive for aerospaceapplication and the wide rangeof propertiesavailable
offers broaddesignflexibility. The individual alloys tested in the screening
program are listed in increasing numerical order of their standard designations,

together with the most probable usage in nuclear rocketry.

Aluminum Alloy 1099- H14

This alloy is an ultra-high purity aluminum. Due to the low

strength of 1099 (Ftu* _13 ksi at room temperature), appli-

cations in a nuclear rocket seem unlikely, but it offers
interest in relating observed phenomena to solid state mecha-
nisms in the formulation of irradiation effects models.

Aluminum Alloy 2014 - T 651

This is a high strength (Ftu_:_70 ksl at room temperature) alum-
inum alloy with a history of successful application in welded

cryogenic pressure vessels. It was included in the program
primarily for consideration as a material for the storage vessels

for liquid hydrogen rocket fuel.

Aluminum Alloy 2024 - T 351

This high strength (Ftu_._--70 ksi at room temperature) aluminum
alloy has been one of the most widely used aluminum alloys

in the aircraft industry for many years. It has been extensively

studied at room and cryogenic temperatures and has satisfactory
cryogenic behaviour for general structural use.

Aluminum Alloy 2219 - T 87

This alloy, another in the same general strength range as 2014

and 2024, is a fairly recently developed 6 percent copper material

* Ftu designates Ultimate Tensile Strength



Aluminum Alloy 2219- T87 (Continued)

with small additions of titanium, vanadium and zirconium to

improve strength at elevated temperatures. This material had
not been widely tested at cryogenic temperatures at the time

of its selection. However, from both metallographic and

chemical considerations, it appeared potentially useful for

cryogenic applications. Probable rocket applications are
ducts and bellows assemblies.

Aluminum Alloy 5083 - H 321

This moderate strength (Ftu_ 50 ksi at room temperature) alloy

has shown unusual tear strength at cryogenic temperatures. (4)
It also develops unusually high joint efficiencies in weldments
in the as-welded condition. (-4) Possible rocket applications

include liquid hydrogen fuel tanks and internal pump parts.

Aluminum Alloy 5086 - H 32

This moderate strength (Ftu_45 ksi at room temperature) alloy
has been extensively used in missile applications and might be
used in rockets for general structural applications.

Aluminum Alloy 5456- H 321

An intermediate alloy (Ftu_55 ksi at room temperature), 5456-H 321

would have similar applications in rocketry as 5083 - H 321.

Aluminum Alloy 6061 - T 6

This moderate strength alloy (Ftu_45 ksi at room temperature)

which develops its hardness through aging rather than work hard-
ening was included to study possible differences in nuclear-

cryogenic effects on the two mechanisms. This material also was

included speclflcally for evaluation for liquid hydrogen storage
tank applications.

9



Aluminum Alloy 7079 - T6

This high strength (Ftu_90 ksi at room temperature) alloy was

included as a potential alloy for general structural rocket applica-

tions due to the high strength-weight ratio of the material.

Aluminum Alloy 7178 - T651

This high strength (Ftu,._90 ksi at room temperature) alloy
was included for reasons similar to those For including 7079-T6.
Although a reported notch sensitivity at cryogenic temperatures (5)

makes the use of this alloy for liquid hydrogen environments un-
likely, the high strength-weight ratio makes applications for other

structural members a possibility.

3.1.1.2 Aluminum Casting Alloys

Three aluminum casting alloys were included in the testing program for evaluation
as possible materials for use in applications such as cryogenic pump housings in a
nuclear radiation environment.

Aluminum Alloy X 250 - T4

Aluminum Alloy X250 is an experimental material developed by

the Aluminum Company of America. This material contains a

nominal 1.5 percent zinc and 8 percent magnesium. It is a heat

treatable alloy and, in the T4 condition, develops a Ftu of
60 ksi with a hardness of_-_-90 Brinell (500 Kg load). The

Aluminum X 250 alloy test slugs were sand cast.

AluminumAIIoy A356-T6

Aluminum Alloy A 356 is a 7 percent silicon (nominal) alloy with

a trace addition of magnesium which responds to thermal hardening
treatment. In the T6 condition, this material has a Ftu of
'_42 ksi and a Brinell hardness (500 Kg load) of about 80. The test

slugs of A 356 were 0.5 inch diameter permanent mold castings.

10



Aluminum Alloy B 750 - T5

This alloy, another heat treatable casting alloy, has a nominal

alloying element content of 2 percent copper, 0.75 percent
magnesium and 1.25 percent nickel. In the T 5 condition, it has

a Ftu of_30 ksi with a hardness of_65 BHN (500 Kg load). The
B 750 test slugs were cast in a 0.5 inch diameter permanent mold.

3.1.2 Titanium Alloys

The titanium alloys of primary alpha structure usually exhibit good cryogenic

properties due to the hexagonal close-packed lattice of this phase. The alpha-

beta alloys can be expected to show a reduction of ductility parameters due to

the body centered cubic structure of the beta phase; however, all of titanium
alloys except the beta-stable types have useful cryogenic properties. The titan-

ium alloys have several characteristics which make them of interest to nuclear

rocket designers: a strength-weight ratio comparable with that of the aluminum
alloys, an increase in the modulus of rigidity of,_.50 percent, and a higher allow-

able working temperature for rocket parts which, although initially at cryogenic

temperatures, see elevated temperatures during rocket firing. Four basic titanium

alloys were included in the screening program with two being tested in different
conditions.

Titanium Alloy 55A, Annealed

This alloy is essentially commercially pure elemental titanium.
In the annealed condition, it is a moderate strength material

(Ftu_ 70 ksi at room temperature) with good forming properties.

Alloy 55A was included in this program to serve a dual purpose:
to allow evaluation of this material for nuclear rocket applica-

tions and to provide a relatively pure metal for comparison with
test results of alloyed titanium alloys for evaluation of the effects
of "foreign" atoms on the nuclear-cryogenlc behavior of titanium

alloys.

Titanium Alloy, 5% AI, 2 1/2% Sn, Annealed

Titanium 5% AI, 2 1/2% Sn is a fairly high strength alpha phase

alloy (Ftu_ 120 ksl at room temperature). Samples from two separate



Titanium

Titanium

lots were included in this program: one manufactured using
the vacuum melting of consumable electrode techniques standard

in the titanium industry and the other manufactured with extra

precautions during melting and rolling to limit the total inter-

stitial content to less than 0.125 percent. This was clone to
allow the evaluation of the effects of interstitial contents on

the irradiation induced changes in material properties. Since

this alloy is now commercially available in the extra low inter-

stitial grade (designated as ELI) it is practicable for designers to
specify it as such. Probable use in nuclear rockets would be for

shells, pressure vessels and pump parts.

Alloy6% AI, 4% V

This alpha-beta alloy was also tested in two conditions; annealed

and in the solution treated and aged condition. The presence of

the metastable beta phase in the annealed material, largely re-
transformed into alpha during aging in the other material, will

permit an estimation of the effect of a second crystallographic

phase of both cryogenic and irradiation behaviour in titanium

alloys. This higher strength titanium alloy (Ftu_170 ksi aged,
",_140 ksi annealed, at room temperature) should be suitable for

shells and pressure vessels if the presence of the body centered

cubic beta phase does not show a deleterious effect on cryogenic

or irradiated properties.

Alloy 8% AI, 1% Mo, 1% V, Duplex Annealed

This alloy is stable alpha at room temperature, but in industrial
practice, it is rolled in the elevated temperature beta phase. After

rolling, it is double annealed to ensure complete transformation

of the beta to the alpha phase. After annealing it develops a Ftu

of _.140 ksl at room temperature. Although not extensively tested

at cryogenic temperatures, the complete transformation to the hexa-
gonal close-packed lattice should provide good low temperature

properties. This alloy would probably be considered for duct and

bellows applications as well as pump and pressure vessel parts.

12



3.1.3 Nickel Alloys

Many high nickel alloys were developedfor useat elevated temperatures;however,
manyalso have useful cryogenicproperties.(1) Somecomponentssuchasnozzles
and turbine partsare precooledby low temperaturegaseoushydrogenprior to
experiencing elevated temperatures during the rocket blast. Combination cryo-

genic and heat resistant alloys, such as the nickel alloys and the austenitic stain-
less steels, are obvious candidates for such applications. Additionally, nuclear-

cryogenic properties of certain nickel alloys may prove useful for such applications

as internal pump parts, tank and shell components and general structural members.

Four nickel alloys were selected for testing in the screening program.

Ren_ 41, Solution Treated

This alloy was tested in the solution treated rather than in the

aged condition to reduce the loss of ductility at cryogenic

temperatures reported in the NBS Cryogenic Materials Data
Handbook(6)for this material in the aged condition. This

material in this condition has desirable mechanical properties

(Ftu _ 140 ksi at temperature from room temperature to 1400°F)
over an extreme temperature range and its probable use in nuc-

lear rocketry would be for components, such as the nozzle, which
must withstand both cryogenic and elevated temperature environ-
ments.

K Monel, Cold Drawn, Annealed and Aged

This copper-nickel alloy has excellent formability and can easily

be fabricated into complex shapes. It is a fairly high strength

(Ftu_ 150 ksi at room temperature) material in the aged condition

and probably would be used for such components as fuel vessels and
structural members in nuclear rockets.

Inconel 600, Cold Drawn

This is a moderate strength alloy (Ftu_ 135 ksl at room temperature)
with reported high notch toughness at cryogenic temperatures.(6)

13



Inconel 600, Cold Drawn (Continued)

Probable applications in nuclear rocketry would include components

in the cryogenic zone which might be subjected to impact loading.

Inconel X 750, Solution Treated and Precipitation Hardened

This alloy is a higher strength (Ftu_-, 190 ksi at room temperature)

material than the other nickel alloys included in the screening

program. Likely applications would include pump parts as well as

pressure vessel hardware. Inclusion of Inconel X 750 in the aged
condition in the screening program allows, through comparison
with the test results for cold drawn Inconel 600, an evaluation of

the effect of neutron irradiation on the finely dispersed precipitates

which form the strengthening agent in Inconel X 750.

3.1.4 Ferrous AIIoys

The ferrous alloys tested are logically divided into two groups:
austenitic steels and those which are not.

those which are

3.1.4.1 Austenitic Steels

The face centered cubic crystal lattice of the gamma phase of iron, characteristic

of the austenltic alloys, is not subject to the low temperature nil-ductility trans-
formation frequently encountered in materials with a face centered cubic lattice.

For this reason, the austenitic steels, particularly the chromlum-nickel grades,

have been widely used in cryogenic applications. In general, austenltes have

fairly low Ft,,*,/F_. ratios which lead to ease of formability. Although austenite
is not entirel_y sta_bVleat extremely low temperatures, (7) the austenitlc alloys have

generally been reported to retain a fair degree of ductility at low temperatures.(1)

AISI Type 304 Stainless Steel, Annealed

This material, an 18-8 type chrome-nickel stainless steel, is
perhaps the most widely used structural stainless steel. It has been

Fty designates Tensile Yield Strength (0.2% offset).

14



AISI Type 304 Stainless Steel, Annealed (Continued)

extensively tested separately in cryogenic and normal tempera-

ture nuclear environments. AISI Type 304 (Ftu _ 90 ksi at room

temperature) would probably find applications as fuel vessel
hardware, internal pump parts and as a general structural material.

AISi Type 310 Stainless Steel, Annealed

This material, a 25-20 chrome-nickel type, is similar to 304

(Ftu _ 90 ksi at room temperature) in use except that it contains
a higher nickel content to increase dimensional stability during

thermal cycling and to increase austenite stability. The increased

chromium content reduces the susceptability to stress corrosion

cracking and generally enhances the corrosion resistance in oxi-

dizing atmospheres.

AiSi Type 347 StainJess Steel, Annealed

This is also an 18-8 chrome nickel type stainless steel (Ftu_ 90 ksi

at room temperature) distinguished from AISI Type 304 principally

by the addition of columbium (niobium) as a carbide stabilizing

agent to prevent the development of a susceptabillty to intergrannular
corrosion when heated to a 900°F - 1100°F sensitizing temperature

range. Its most common application is for welded structures unsuited

to post-welding heat treatment to prevent sensitization by the welding
heat.

A-286 Stainless Steel, Precipitation Heat Treated

This precipitation hardening super alloy is commonly used in two

different heat treated conditions, annealed at 1800°F prior to aging
and annealed at 1650°F prior to aging. The materials and heat treat-

ments conform to AMS Specifications 5735D and 5737B respectively.

This material in both treatments retains high strength (Ftu _,160 ksi
at room temperature) up to 1300°F, although the lower annealing

temperature generally provides better creep properties at temperatures

over 1000°F Published data from tests of A-286 at cryogenic temp_- 1 )eratures indicate desirable ductility properties at low temperatures.
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A-286 StainlessSteel, Precipitation HeatTreated (Continued)

Prol_ableapplications for this material include components,such
asnozzles, which mustwithstandan extremevar;ation of tempera-
ture during rocket operation.

T-450 Steel, Annealed

This material, an exper;mentalalloy developedby the Union Carbide
Corporationfor cryogenicapplications, usesmanganese(nominal 19
percent) asan austenizingagent with m;noradditions of nickel,
copper, chrom;umand nitrogen to increase low temperature austenitic

stability. The substitution of manganese for nickel to produce the
desired face centered cubic austenltlc structure allows the develop-

ment of low temperature ductility with a more economical alloy
composition. Although no irradiation studies are known to have been
made on this alloy, cryogenic tests run by Union Carbide (8) indicate

only a 9 percent martensitic transformation of T-450 during deformation

to fracture at liquid hydrogen temperature.

3.1.4.2 Non-Austenitic Steels

The face centered cubic austenitic lattic_ is generally preferable to a body centered
cubic lattice for cryogenic applications *( ) due to the absence of a low temperature

nil-ductility transformation. For some components, such as bearings, the greater
hardness available in the semi-austenitic or martensitic steels is necessary; therefore,

three steels of this type were included in the test program. One ferritic low temp-

erature pressure vessel steel was also included.

Type AM-350, SCT

This alloy, a proprietary stainless steel of the Allegheny Ludlum Steel

Corporation, can be heat treated to_200 ksl Ftu at room temperature.

The treatment consists of austenlzlng at 1750°F, and quenching in
water, followed by holding at -100°F for a sufficient period to allow
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Type AM-350, SCT (Continued)

complete martensitic transformation. The martensite is then
tempered at 850°F. The resultant structure is somewhat suscep-

table to cryogenic embrittlement. Rocket design considerations

indicate the desirability of testing some high strength materials for

applications where the loading pattern is such that embrittlement
is not a serious drawback and a high yield strength is a basic require-
ment.

Type 17-7 PH, RH - 950

17-7 PH is a proprietary high strength stainless steel, developed

by Armco Steel Corporation. It also can be heat treated to a Ftu

of 200 ksi by aging at 950°F after solution treatment. Published

data indicate a nil-ductility transition at well above liquid nitrogen
temperatures for this a!!oy, l 1 ) but the requirement for high strength
structural materials, as in the case of AM-350, indicated the desir-

ability of including 17-7 PH in the screening program.

ASTM A 353 - 58, Grade B, Normalized

This steel is a fire box quality pressure vessel steel suitable for the

construction of unfired pressure vessels built in accordance with
Section VII of the ASME Boiler and Pressure Vessel Code. It is a

low carbon steel (Ftu_ 100 ksi at room temperature) with a nominal
nine percent nickel to improve its cryogenic properties. The common

use for this material is in welded pressure vessels.

AISI Type 440C Stainless Steel, Quenched and Drawn to Rockwell "C" 60

This martensltlc stainless steel is known to develop cryogenic

embrittlement( 1 ) but was included in the test program asa high

hardness material for possible bearing applications. This material
can be heat treated to an approximate Ftu of 285 ksi.
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3.2 SPECIMEN DESIGN AND FABRICATION

Standard tensile test specimens, ASTM E-8( 9 ) could not be used in the screening

program for these reasons:

All testing was performed at the NASA Plum Brook

Reactor Facility using testing equipment specially

designed for operation in a horizontal beam hole
(HB-2) facility of the Plum Brook Reactor with temp-
erature control maintained with an 1150 watt helium

refrigerator. For tests in the radiation environment,

it was necessary to maintain a test specimen tempera-
ture of 30°R in a high flux zone of a reactor radiation

spectrum. The reactor radiation spectrum, even with

the maximum practicable shielding of the test zone,
contained an appreciable gamma component. Since
gamma radiation induces internal heating of materials

at a rate proportional to mass, the entire weight of the

test specimen and test equipment in the cryogenic zone
was limited to keep the required refrigeration capacity
within realistic limits.

With the required gamma attenuation shield instal led

in the Plum Brook Reactor beam port HB-2, the in-
ternal diameter of this access hole was reduced to 6

inches. This limited the physical size of the test loop

envelope containing the test equipment and refrigera-
tion transfer lines to 6 in. in diameter.

The miniature tensile and tensile notch specimens which satisfy the above require-
ments are illustrated in Figure 1 . The test specimens had threaded ends to allow

installation in the specimen holders with the minimum increase in mass in that section.

3.2.1 Tensile Test Specimen

The nominal diameter of the mld-polnt in the gage length was 0.125 inch. The gage

length was nominally 0.5 inch to maintain the 4:1 gage length to gage diameter estab-
lished in ASTM E-8.(9) The_llmits of the gage length are delineated by light sand-
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FIGUPE 1 NOTCHED A N D  UNNOTCHED MINIATURE 
TENSILE SPECIMENS 
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blasting of gage marks over an area 0.0625 inch by O. 125 inch at each end of

the gage length. This method of marking was used to avoid introducing a notch

at each end of the gage length.

The raw material from which the specimens were fabricated was thoroughly ins-

pected using both visual and non-destructive testing techniques to ensure uniform
material quality of the completed specimens. After final polishing1 the finished

specimens in each alloy group were checked against each other using Eddy current

techniques to assure the homogeniety of each sample lot of test specimens. During
all machining operations unusual precautions were taken to meet the specially strict

dimensional tolerances required due to the small size of the test specimens. After

machining, each specimen was polished in a longitudinal direction to remove any
tool marks or scratches formed during machining. After completion, all significant

dimensions were recorded for each specimen using an optical comparator to measure
the dimensions.

3.2.2 Tensile Notch Specimens

Notched tensile specimens were fabricated to allow the determination of any cryo-

genic or irradiation induced notch sensitivity in the test materials. These notched

specimens were regular tensile specimens, manufactured as described above, with
the addition of a mid-point notch with a nominal root diameter of 0.105 inch and
a nominal notch radius of 0.0007 in ch. This gives a nominal theoretical notch

stress concentration (kt) of 6.4. On the notched specimens the gage marks were,

naturally, omitted. The major and root diameters and the notch radius were measured
on an optical comparator for each specimen. The k t value was determined for each

specimen using the method of Peterson.(10) Precautions during machining and ins-

pection were similar to those for the unnotched specimens.

At the time these specimens were designed there had been little effort in standardizing
notched specimen design and recent efforts(11) in this area indicate that these speci-

mens are not optimized with respect to sensitivity to embrittllng effects.
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4 TEST PROCEDURES

The program objective, performing tensile tests in-pile and out-of-pile at 30°R

and out-of-pile at room temperature, required the development of specialized

testing and handling equipment described in Section 4.1. A general layout of
this equipment is shown in Figure 2.

The methods and procedures for standardizing, calibrating and operating this

equipment are described in Section 4.2.

4. I TEST EQUIPMENT

The irradiated specimens tested during this materials screening program required

11 to 17 hour exposures in the NASA Plum Brook 60 MW (th) nuclear reactor
with the specimen temperature maintained at 30°R. The irradiations were con-

ducted in a test location adjacent to the beryllium reflector on the north face
of the reactor core. Access to this zone is through a 9 inch ID horizontal beam

port (HB-2) located approximately 20 feet below the surface of a pool of demin-

eralized water which provides biological shielding during reactor operations.

The beam port, which penetrates a high density concrete biological shield two
feet thick, the stainless steel clad pressure vessel and thermal shield, is approx-

imately six and one-half feet in length from its external flange to the high flux
test zone. However, the full ID of HB-2 was not available as a test zone since

a gamma shield, required to permit specimen temperature control at 30°R with
refrigeration capacity attainable at reasonable cost within the current state-of-

the-art, limited the internal diameter of the beam port to 6 inches.

The operation of the test equipment can be readily followed by reference to Figure

2 . In a typical testing sequence, a test loop was inserted into the hot cave for

specimen installation. After completion of loop reassembly following specimen

placement, the loop was withdrawn from the hot cave to the north table in Quad-
rant D. Refrigerant flow was started and the table holding the loop was rotated

180 ° . The loop was then transferred to the south table and positioned in line with

HB-2 and, after stabilization of specimen temperature at 30°R, inserted into HB-2.
The loop was held at this position with the specimen maintained at 30°R until the
accumulated fast neutron dose of 1 x 1017 nvt (k'_ 0.5 Mev) was attained. At this

time, an axial tensile load was applied to the specimen and increased until failure

occurred. After specimen failure, the loop was returned to the hot cave for specimen
replacement.
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During operation, two test loops were used for alternate insertion in HB-2 pro-
viding a maximum utilization of reactor operating time. Thus, most of the

activity described above was performed during the irradiation period of a speci-
men in another loop.

A brief description of the system components follows.

4.1.1 Test Loops

The tensile testing conducted during this program was performed in an especially
designed test loop with the following capability requirements:

Maintain test specimen temperature at 30°R at a point
near the core of an operating nuclear reactor, some

nine feet forward from the external flange of the
access port.

Apply and monitor an axial load in tension up to
5000 Ibs. on a test specimen.

Monitor elongation of the specimen during testing.

Be packaged in a 6 inch OD tubular envelope to permit
insertion into the reactor beam port, HB-2.

Permit specimen change and minor maintenance by remote
methods.

The design of the test loops, fulfilling the above requirements, is shown in Figures
3 and 4 .

The tensile testing machine was actuated by a hydraulic cylinder using demineral-
ized water as the working fluid to avoid the possible contamination of reactor
primary or quadrant water with other fluids. The force was transmitted to the

specimen through a push rod guided by two self-aligning graphite bearings. The

load cell consisted of a ring type dynamometer equipped with a linear variable
differential transformer. The output of the LVDT was a function of the deflection

in the ring which, in turn, was a measure of the applied load. (Methods for strain

and stress measurements are described in Sections 4.2.1 and 4.2.2.)
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The testing equipment contained in the test loop was calibrated by running parallel

tests of specimens of a common sample population in the test loop and in standard

universal testing machines verified with a proving ring immediately prior to this
calibration.

The forward section, or head, of the test loop was removable to allow specimen

change by remote handling methods. Figure 4 shows the forward section of the loop
with the head removed.

The holders on both forward and aft ends of the test specimen were fitted with mating

spherical seats to insure proper alignment during applicatlon of the test load.

Helium guides, shown in the foreground of Figure 4 , directed the refrigerant over
the specimen in a flow pattern which assured adequate specimen temperature control.

(The method of temperature calibration is described in Section 4.2.3.)

4.1.2 Refrigeration System

Test location temperature control was provided by a closed cycle helium refrigerator

with an electrically driven positive displacement compressor, a counter-flow heat
exchanger and four reciprocating expansion engines. The refrigeration system was

designed and built for this application and was warranted to be capable of main-

taining any temperature between 30°R and room temperature in the test location
of the test loops. The refrigeration system had a rated capacity of 1150 watts with

a manifold temperature of 30°R° A schematic of this system is shown in Figure 5 .

A photograph of the portion of the refrigeration system located inside the reactor
containment vessel is shown in Figure 6 •

As shown in Figure 5 , low pressure (_-50 psia) helium gas was drawn into the

suction side of a two stage positive displacement compressor and compressed to

300 psia. The heat of compression was removed by water cooling after each com-
pression stage. The helium gas at 300 psia and 80°F passed through an extended

surface counter flow aluminum heat exchanger capable of a 600 Ib,/hr flow with a

duty rating of 410,000 BTU/hr. With the refrigeration system operating at 30°R,
the helium gas left the high pressure side of the heat exchanger at approximately

37°R and 296 psla. The cold gas entered the expansion engines where it was ex-

panded to_53 psla. These engines are coupled in pairs to crossheads which drive
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oil pumps that absorb work from the system to allow adiabatic gas expansion.
design specifications for the expansion engines are given below:

Mass Flow (Total)

Inlet Temperature

Outlet Temperature

Piston Displacement

Engine Speed

520 Ib/hr
37°R

24°R

7.93 ft3/min
340 RPM

The

The heat exchanger and each pair of expansion engines were mounted in evacuated
shells filled with powdered perlite to provide insulation.

The refrigerated gas leaving the expansion engines was transferred through vacuum

insulated flexible lines to the test location in the tensile-compression test loop.
After passing through the test chamber, the gas was returned through a manifold

to the low pressure side of the heat exchanger and then back to the compressor
suction side. A ':- ._...... ",,,,e heater of ocnn watt capaclty was located in the inlet manifold
and a 100 watt trim heater was located in the manifold at the inlet of each set of

transfer lines to allow operation of the system at any temperature between 30°R and
room temperature.

4.1.3 Sample Change Equipment

Due to the high activity level of the test loops after several in-pile exposures, remote

handling techniques were required for changing specimens or routine loop maintenance.
To provide operator shielding during work on the test loops, a hot cave was installed

outside the wall of Quadrant D with the access port on a radial line with HB-2. An
overall view of the hot cave is given in Figure 7 . The side walls, roof and base

of the hot cave were constructed of high density concrete block. The front, or North,
face of the hot cave consisted of a layer of lead shot 21 inches thick contained

in a steel shield with a computed shielding effectiveness equivalent to 12 inches of

solid lead. The front face was fitted with a viewing window consisting of five panes
of lead glass with a specific gravity of 6.2, the spaces between which were filled
with mineral oil to prevent surface reflection. The hot cave roof contained a remov-

able roof block and plugs to permit insertion of tools and test equipment. This roof
block was handled with a jib crane located at the northeast corner of the hot cave,

as shown in Figure 7 . The hot cave was equipped with a pair of miniature Model 8,

Central Research Laboratory Master Slave Manipulators and specially designed remote
handling tools to facilitate test specimen change and minor loop maintenance.
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During the initial operation, the external surfaces of the hot cave were monitored

by the Health Safety Office during each insertion of an irradiated test loop. Since

the principal gamma source in an irradiated test loop was Mn56, this practice was
discontinued after the loops received sufficient in-pile exposure to saturate the
contained manganese. The hot cave effluent gases were monitored at intervals

for possible radioactive release through a particulate filter. In no instance

during normal hot cave operation was a significant discharge detectable.

4.1.4 Transfer System

To permit insertion and withdrawal of the test loops at the beam port and the hot
cave, a special transfer system was installed in Quadrant D of the Plum Brook

Reactor Facility. The location of this system with respect to the reactor beam port
HB-2 and the specimen change hot cave is shown in Figure 2 . All of the transfer

equipment operated under some 20 feet of quadrant water.

The transfer system included two base tables, fastened to the floor of Quadrant D,

on which were located translating tables capable of movement in the east-west
direction. On each of the translating tables were three sets of tracks on which

specially designed carriages traveled to transfer the test loops to the desired loca-

tion. The lateral east-west translation of the transfer tables permitted the positioning

of any track in proper alignment with the beam port or the hot cave port for insertion
of the test loop. The north table, associated with the hot cave, had the additional
capability of rotation through 180 ° to enable insertion of the forward end of the test

loop into the hot cave. The actuating force for this translation and rotation was

provided by a 10HP hydraulic pump, using demineralized water as the working
fluid. Mechanical stops were situated at the limits of table travel and movable

mechanical stops were located to insure accurate positioning of the tracks for beam

port and hot cave insertion of the test loop.

Each of the carriages which held the test loops traveled on grooved wheels on the

table tracks and were moved on the tables by a hydraulically operated rack and

pinion gear actuated by a hydraulic cylinder which is driven by the 10HP pump.

By suitable manipulation, the carriage could be placed on any track of the tables
and positioned in front of either the beam port or the hot cave. Limit switches

located on the tables were tripped by actuators on the carriages and indicated
carriage locations on the tables by means of lights on the control console. Me-

chanical stops limited carriage travel on the tables.
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After a carriage was positioned in front of the beam port or hot cave, it was

advanced and coupled to the port. Both the beam port and the hot cave port were

protected by 6 inch gate type valves. On the quadrant side of each valve was
a chevron seal to prevent water flow past the loop during operation. The valves

were interlocked with limit switches to prevent opening unless the test loop was

in position in the chevron seal to block flow. After coupling the carriage to
either valve, the loop was advanced into the beam port or hot cave by a high

torque hydraulic motor driven by the 10HP pump. The torque was translated from
the motor shaft to a lead screw through a worm-worm gear connection. This lead

screw was coupled to a yoke assembly on the carriage which supported the aft

end of the test loop. As the lead screw advanced the test loop, limit switches on
the carriage indicated the loop position by lights on the control panel. A mechan-

ical stop precluded th e possibility of inserting the loop into HB-2 to a point which
would restrict the coolant passage between the forward end of the loop and the

gamma shield plug. The test loop drive system, during an insertion into the beam

port, had to overcome both the primary coolant pressure of 125 psi and systematic
frictions. This required a thrust force of over 4000 pounds. Limit switches and

mechanical stops were installed at all places necessary to insure safe operation
of the transfer system. A photograph of the system as installed is presented in

Figure 8 .

4.1.5 Loop Handling Equipment

Although the hot cave has been used successfully for minor repairs in the forward
section of test loops, major overhaul and maintenance work on the aft portion of

the test loop could not be accomplished in this area. To provide a capability for

removal of the test loops from the containment vessel to the hot laboratory area,

remote loop handling equipment and shielding equipment were designed and built.
A lead filled stainless steel cask was built to provide adequate shielding of irradi-

ated test loops during transfer to the hot laboratory area or during storage outside
of the quadrant. The thickness of lead at the activated end of the test loop was

eight inches. The shielding integrity of the cask was demonstrated by moving an

eleven curie cobalt-60 source longitudinally through the central axis of the cask
while monitoring the exterior surfaces. A manually operated clam-shell lifting

device inside the containment vessel permits the insertion of an irradiated test loop
into the cask using quadrant water as a biological shield during loop manipulation.

A s_milar, but remotely operated, lifting device was available to facilitate loop

handling in the hot laboratory area. After placement in the lead filled cask, the
irradiated loop could be removed from the containment vessel through an airlock
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penetration of the vessel wall without compromising vessel containment. A

special bridge over Canal E, inside the containment vessel, and a special cart
outside the vessel facilitated transfer of the cask through the airlock penetration.

Figure 9 shows the cask being transferred from the bridge to the portion of the air-
lock inside the containment vessel.

4.2 TEST METHODS

Discussion of the methods of testing is, in the following paragraphs, divided into

sections on strain and stress measurement, temperature control, flux mapping and

exposure calculations, data recording and reduction.

4.2.1 Strain Measurement

Strain of unnotched tensile specimens was measured using an extensometer developed

for this application. This extensometer, shown in Figure 10, measured the increase

of the separation between two knife edges initially 0.50 inch apart. The measure-
ment was accomplished through the use of a linear variable differential transformer

(LVDT) specially constructed to be resistant to radiation effects.

The signal generated by the LVDT was recorded on the X axis of a Moseley X-¥

Recorder used to plot a stress-strain curve for each specimen tested.

The extensometer was tested for reproducibility of signal at 30°R by repeatedly

stressing an AISI 4130 steel test specimen to approximately 60 percent of its yield

strength and comparing the modulus slope recorded for consistency.

The extensometers were verified and classified in accordance with ASTM Specifica-

tion E-83(9 ) using a Tuckerman optical strain gage as a primary standard. The
error in indicated strain was less than 0.0001 in/in. Thus the extensometer met

the requirements for an ASTM Classification of B-l, suitable for determination of
modulus values as well as yield strength. However, this classification was obtained

in a standards laboratory using precision techniques and this degree of accuracy

could not be expected following installation by remote means. As the extensometer

was actually used, an ASTM Classification of B-2, suitable for determination of
yield strength, but not of modulus, was probably a more realistic appraisal.
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FIGURE 9 CASK, BRIDGE AND AIRLOCK 
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This extensometer had a range of reliable accuracy of approximately 0.010 inch,

or some 2 percent of the specimen gage length. This was sufficient to record

the elastic portion of the stress-strain curve and the initial plastic portion to
well beyond the yield strength (0.2 percent offset method). However, the strain

could not be measured immediately prior to failure except for rather brittle

materials. During plastic behavior of the test specimen at strain levels beyond
the capability of the extensometer, stress was recorded against time on the X

axis to provide a record of the loading pattern and to allow accurate determina-

tion of the fracture stress. However, the recording equipment was modified to

permit this stress-time plot after the screening program was begun and this plot
is not available for all samples tested.

The strain rate, measured over ten second intervals during the elastic behavior of

the test specimen, was approximately 0.0015 in/in/min. This method of measuring
speed-of-testlng conforms to ASTM E-8, paragraph 22 e.( 9 )

4.2.2 Stress Measurement

The stress applied to the test specimens in the test loop described in Section 4.1.1

was monitored by a proving ring type dynamometer using a linear variable differential

transformer to measure the ring deflection resulting from loading. The transformer
operated from a 2 kilocycle carrier oscillator and phase sensitive demodulator. The

direct current output from this demodulator was fed through the X-Y Recorder where
it was plotted on the Y axis as a direct measurement of stress.

Each dynamometer was calibrated prior to installation in the test loop by loading

in series with a Morehouse vibrating reed proving ring calibrated by the National

Bureau of Standards. The read out equipment associated with the test equipment
was used to record dynamometer loading during calibration. The maximum difference

in the load recorded by the dynamometer and the standard ring was less than 2
percent.

In testing notched specimens, where strain was not monitored, the load rate was con-

trolled by measuring stress at 10 second intervals during the initial portion of the

loading period. The stress rate was maintained at less than 90,000 psi/min.

This method of speed-of-,_estlng measurement conforms to the requirement of ASTM
E-8, paragraph 22 d. ( y )
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4.2.3 Specimen Temperature Control

Direct measurement of the specimen temperature was not feasible because of:

Possible alteration of the mechanical properties

of the specimen during attachment of the sensing
device.

Mechanical difficulties in attaching sensing devices

to the individual specimens using remote handling

techniques.

Possible erroneous results from protracted irradiation

exposures.

Possible erroneous results from mechanical damage
to the sensor.

Therefore it was planned to monitor the test chamber temperature with a platinum
resistance thermometer mounted in the test loop helium inlet duct lust aft of the
forward bulkhead. However, work reported by Coltman, et. a1.,(12) at ORNL

indicated a gross change in the low temperature electrical resistance of platinum

resulting from exposure to a fast neutron environment. This irradiation induced
increase in resistivity is not completely removed by self-anneallng at room temp-

erature. Therefore, location of platinum resistance thermometers as originally

planned would require recallbraHon after each irradiation. Even after recall-
bratlon, the sensors would have an uncertainty of measurement of about + 10%

at the test temperature.

For this reason, two platinum resistance thermometers were installed to monitor

the temperature of the inlet and return helium streams in each test loop at a
location remote from the fast neutron field. These pairs of sensors were located

some thirty feet from the test zone, in the inlet and return legs of the refrigera-
tion manifold shown in the upper right portion of figure 2.

Since this temperature control method does not provide direct measurement of

specimen temperature, relationship between indicated sensor readings and
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specimen temperature was determined with thermocouples attached to typical
specimens during the following test stages:

Calibration of direct measuring thermocouples on
instrumented aluminum, titanium and stainless steel

speclmens.*

Determination of temperature distribution across the

gage length of each of the above specimens.

Determination of correction to be applied to the control
sensors to insure a temperature of 30°R at the gage
length mid-point.

4.2.3.1 Thermocouple Calibration

Instrumented specimens of AISI Type 304 Stainless Steel, Aluminum Alloy 7178-
T651 and Titanium Alloy 6% AI-4% V were prepared for this program. Longitud-

inal slots were milled in each specimen and copper-constantan thermocouples

were welded or soldered to the base of each slot at each end of the 1/2 inch gage
length and at the mid-polnt of the gage length, as shown in figure 11. After the

thermocouples were mounted, the slots were filled with a suitable potting com-
pound to prevent perturbations in the gas flow pattern and to increase the mechan-

ical strength of the couple to specimen joints. Copper-constantan thermocouples
were used since measurements at liquid helium temperature after a dose of
1 x 1018 nvt, made at ORNL(13) showed no significant radiation induced measure-

ment variations in this thermoelectric pair.

The wire used for the manufacture of these thermocouples was tested for homogeneity
to minimize the effect of a Peltier emf on the Thomson emf generated by the finished

instrument. This was accomplished by moving a liquid air bath along a closed loop
of wire and measuring the emf generated at the two high temperature gradient inter-

faces. Any wire showing a change greater than 3 microvolts in a 1.5 foot length

was rejected for use as thermocouple material. Plots showing the emf curves of
rejected and acceptable wire are shown in figure 12.

The initial stage of the temperature correlation program, calibration of each of these

thermocouples, was then undertaken. The instrumented specimens were individually

* Nickel alloy specimen not used due to similarity of thermal conductivity with
austenitic stainless steels.
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packaged in aluminum foil with a platinum resistance bulb calibrated by the

National Bureau of Standards serving as a primary standard. Each package was

separately immersed in liquid nitrogen and the micro-voltage out-put from
each thermocouple was recorded with the temperature measurement from the

primary standard. This initial comparison at a known temperature was done to

provide additional assurance against a systematic error.

After the liquid nitrogen check, each package was separately placed in the test

zone inside the head of a test loop. The package was stabilized at several

temperatures between liquid nitrogen and 30°R and emf readings for each couple
were recorded against the temperature recorded by the primary standard. Actual

temperature versus emf out-put curves were prepared for each thermocouple. At

this point, the instrumented specimens were considered adequate for use as sec-
ondary, or working, standards. Typical calibration curves are shown in figure
11.

4.2.3.2 Specimen Temperature Distribution

After completion of the cal_bratlon of section 4.2.3.1, specimen temperature
distribution measurements were made.

The stainless steel, aluminum al Ioy and titanium al Ioy instrumented specimens,
now calibrated to serve as working standards, were individually installed in the

normal test position in a test loop. The refrigeration system was stabilized at

30°R, out-of-pile, and the temperature was measured at each end and the mid-
point of the specimen gage length from the emf out-put of each thermocouple
with the individual calibration curves discussed in section 4.2.3.1.

Initially, a variation of several degrees R was observed among the three test
polnts. This was corrected by internal modification of the ducts which direct

the helium across the specimen to increase the mass flow at the warmer locations.
The specimen temperature dlstribuHon at 30°R (nominal) is shown in table 2.

After satisfactory temperature distribution was obtained across the gage length

at 30°R out-of-pile, the test loop containing the instrumented specimen was

brought to the "full forward" position in HB-2 to measure the effect of gamma
heating on temperature distribution. The reactor power level was nominally

50 MW during the aluminum and stainless steel temperature distribution tests
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TABLE 2 SPECIMEN TEMPERATURE DISTRIBUTION AT 30°R (NOMINAL)

TEMPERATURE
SENSOR

SENSOR INDICATED TEMPERATURE, OR
LOCATION Aluminum 7178 Titanium 6-4 SS 304

OUT- OF- PILE

TC 1

TC 2

TC 3

Pt Bulb

Pt Bulb

Fwd. Gage Mark 31.1 30.1 29.5

Midpoint of Gage 29.2 30.6 29.8

Aft Gage Mark 29.8 32.1 29.8

Helium Inlet 27.4 30.0 29.5

Helium Outlet 29.5 32.5 30.1

IN - PILE

TC 1

TC 2

TC 3

Pt Bulb

Pt Bulb

Fwd. Gage Mark 31.3 30.0 *

Midpoint of Gage 29.3 33.0 *

Aft Gage Mark 31.0 35.0 *

Helium Inlet 27.1 29.9 *

Helium Outlet 29.6 33.5 *

* Not available
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and nominally 40 MW for the titanium tests. The temperature of the test loop
was again stabilized at 30°R and brought to a steady-state, where the refrigera-

tion capaclty exactly balanced gamma heating. No appreciable increase in

temperature differential between the test points was observed.

4.2.3.3 Refrigerator Control Sensor Corrections

After completion of the temperature distribution tests of 4.2.3.2, readings of the

permanently installed temperature sensors of the refrigerator were taken which

corresponded with a 30°R specimen temperature under in-pile steady-state
conditions as measured with the secondary standard thermocouple. The use of

these correction constants for each pair of permanent temperature sensors during

each irradiation exposure assured the maintenance of specimen temperature under
+ I°R. The platinum resistance bulbs from the permanent temperature sensors

were recalibrated by the manufacturer after the completion of the test program

and gave readings wlthln less than one degree of the inltial calibrations.

4.2.4 Flux Mapping and Exposure Calculations

Fast neutron dose rates |n the test location in HB-2 were determined using foil

measurement techniques. Sets of foils, as shown in Table 3, were placed in the

test specimen location of a test loop in an alum|num loll holder. The foils were
then irradiated for thirty minutes with sufficient refrigeration provided to prevent
the melting of the S32 foil from gamma heating. Reactor operational parameters
were recorded at the time of irradiation.

After irradiation, the foils were shipped by alr to the Georgia Nuclear Labora-
tories at Dawsonville, Georgia, for counting and evaluation by standard techniques.

The upper and lower limits of spectral shape of the reactor fast flux obtained from

seven (7) loll runs is given in Figure 13.

Examination of the family of spectral curves in Figure 13 shows a significant varia-

tion in flux level, particularly in the lower energy region of the spectrum. Exam-
ination of the reactor operational parameters at the time of these irradiations

indicated that the flux level varied with the position of the fuel control rods in

the lattice core. These control rods have an upper half consisting of cadmium
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enclosed in AISI Type 304 stainless steel and a lower portion consisting of alum-

inum clad alumlnum-enriched uranium alloy fuel elements of the MTR type. The

rods were progressively inserted into the core, from the bottom, during reactor
operations. Thus, as poison was removed from the core, fuel was added. One of

the control rods, in lattice position LC-6, was located directly in front of HB-2.

When the rods were in the initial operating position, the cadmium portion of the

rod caused a rod shadowing effect in the test location which disappeared as further
insertion brought the fueled segment of the control rod in llne with HB-2. This
was the cause of the observed variation in fast flux level.

To establish the fast neutron flux level at various control rod positions, additional

partial sets of foils containing only the low threshold energy materials Np 237,
Th232 and S were irradiated at several rod positions. Figure 14 shows the flux

level at energies greater than 0.75 Mev as a function of rod position measured
with the several Np 237 foils and greater than 0.50 Mev obtained by extrapola-

tion of the curve obtained from the evaluation of the Np 237, Th232 and S32
foils.

Control rod position and reactor power levels were recorded hourly in the reactor

operations log. With these data and the plot of Figure 14, the incremental hourly
increase in the neutron dose received by each specimen was calculated. The test
specimens were irradiated until these calculations indicated an accumulated dose

of 1 x 1017 nvt (E_. 0.5 Mev) at which time the test load was applied to the
specimen.

About midway in the in-pile testing phase of the screening program the reactor

loading pattern was changed to provide greater fuel economy. The enriched uran-
ium content of each of twenty-two (22) fuel elements was increased from 168 grams

to 200 grams; the fueled segments of the five (5) control rods from 130 grams to
155 grams.

Spectral sets of foils were irradiated both prior to and after the change in reactor
fuel loading. No significant change in flux level or spectral shape for similar
power level and control rod positions was observed. During the final three foll

irradiations after the change in fuel loading, the Plum Brook Nuclear Experiments
Section supplied additional sets of parallel foils for evaluation by NASA personnel.
The NASA foll set also is included in Table 3. Agreement between the Lockheed

and NASA foil evaluation was within the expected limit of experimental uncertainty
for both spectral shape and fast neutron flux levels. Cobalt and cadmium covered
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cobalt were irradiated for determination of the thermal flux by NASA personnel.
With the reactor power level at 60 MW and the fuel control rod location at
twenty-five inches the measured thermal flux was in the order of 104n/cm2/watt/sec

or approximately twenty-eight percent of the fast (E _> 0.5 Mev) flux.

A curve presenting the upper and lower limits of the ratio of the flux with neutron

energies greater than E to the fluxes with energies greater than 0.5 Mev in the
Plum Brook Reactor spectrum observable in HB-2 is given in Figure 15 as a basis

of comparison of the irradiation received by specimens in this program with test
data from other sources.

4.2.5 Data Recording

The temperature of the helium gas was monitored with platinum resistance thermom-
eters located at the helium manifold on both the test loop inlet and return transfer

lines. These control sensors were monitored by the test console operator and re-

corded on a specimen test log at regular intervals, which documented the proper
control of the specimen temperature throughout the irradiation exposure. The

method used to calibrate the temperature control system is described in Section
4.2.3.

The accumulated fast neutron flux dosage was calculated hourly using the method
described in Section 4.2.4. Both the incremental and accumulated flux were re-

corded in a data log to serve as a permanent record of the exposure received by
each in-pile specimen.

4.2.5.1 Stress-Strain Recording

The strain and stress monitoring equipment are described in Sections 4.2.1 and

4.2.2. The calibration techniques used to verify these instruments are discussed
in the same sections.

The monitoring instruments converted stress and strain into electrical signals pro-
portional in strength to the magnitude of the stress or strain being measured. The
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electrical impulse from each of these instruments was amplified and plotted auto-

matically by a Moseley X-Y Recorder. Stress appeared as the Y plot, strain as

the X plot and the resultant stress-straln curves were recorded on graph paper as
a permanent record of test data. The extensometer used in this program was

capable of measuring only about 0.010 inch extension with reliable accuracy.

After this limit of approximately 0.02 in/in, total strain has been reached the
X axis recorder was switched to a time plot traveling at a rate of 0.02 in/sec.

The X-Y Recorder contained a calibrator which was used to provide a constant

voltage of known amplitude to serve as a reference voltage. This calibration

signal was continuously variable from 400 mv to 1400 my and permitted setting
the X-Y Recorder range to conform with the individual calibrations of the extens-

ometers and dynamometers.

The stress-strain curve developed by the X-Y Recorder during testing and the initial

specimen dimensions provided data for the determination of the ultimate tensile

strength (Ftu) and the tensile yield strength (Fry). The modulus of elasticity may
be approximated from these curves, but an exact determination of this value was
unobtainable due to the method of extensometer installation imposed by the neces-

sity of using remote handling techniques.

4.2.5.2 Ductility Measurements

Elongation and reduction of area values were obtained by fitting the broken speci-

mens together and measuring the fractured gage length and minimum diameter by+
means of a micrometer stage and hair llne apparatus accurate to - 0.0001 inch.

These values are reported as the change in magnitude from original specimen dimen-
sions expressed as a percentage of the original value.

4.2.5.3 Structural Studies, Optical Metallography

The suppliers of the test material submitted photomicrographs of the raw stock taken

in both traverse and longitudinal planes. Additional photomicrographs were prepared
by NASA Plum Brook Laboratory personnel from longitudinal sections of failed

specimens of each alloy after testing in each of the environmental conditions of the

screening program.
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Due to the irradiation induced radioactivity of the in-pile test specimens, metal-

Iographic preparation and examination of these specimens was accomplished by

remote handling techniques.

4.2.6 Data Reduction

As described previously, stress-strain curves were plotted up to strains of approx-

imately two percent and thereafter the stress was plotted versus time until after
failure of the specimen. The stress scale was varied to accommodate the approx-

imate ultimate stress of the material being tested while the strain scale was held

constant. In nearly all measurements of tensile specimens, it was possible to
estimate the slope of the so-called elastic portion of the stress-straln curve and

to thus determine a yield point corresponding to 0.2 percent plastic strain. This
slope was also used to determine an approximate modulus of elasticity value.

The scale used and the yield deflection were recorded on a master calculation
sheet as were the ultimate load deflection and the fracture load deflection. Early

in the program, only the stress was recorded after two percent strain; consequently,
the fracture load increment could not be differentiated when different from the

ultimate load increment and the fracture stress was not calculable from most of

the test specimens.

Figures 16 to 19 show load-elongation and load-time curves from a variety of
tests. As indicated in the captions these include usable and not usable curves,

tensile tests with and without a load versus time plot and tensile notch tests
(ductile and non-ductile). Figure 20 shows curves from the three test conditions

for 17-7PH Stainless Steel, clearly illustrating the effect of irradiation.

In nearly all tensile notch tests_ the load was recorded only on the vertical scale.

The elongated gage length and reduced diameter of the failed specimens were
measured and these dimensions also were recorded on the master calculation sheet

for the particular material.

Arithmetic means of yield stress, ultimate stress, fracture stress, yield to ultimate

ratio, elongation and reduction of area were calculated for the tensile specimens
and the arithmetic mean of the ultimate stress was calculated for the tensile notch

specimens.
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The ratio of notched ultimate stress to unnotched ultimate stress was determined

randomly by choosing notched and unnotched specimens on the basis of their
specimen number. Thus, five notched to unnotched ratios were available for

each five specimen sample of tensile notch specimens and an arithmetic mean
of the function was determined in the same manner as for the tensile yield and
ultimate tensile stresses.

The objective of the screening program was to observe changes resulting from
combined cryogenic and neutron irradiation environments and to compare various

materials with respect to these changes. Consequently, even limited random

scatter reduces the value of the data, unless it is treated statistically, because of:

The low level of effects expected in some materials,
particularly due to the low level of irradiation

(1017 nvt) used throughout the program.

The reduced number of in-pile specimens (three, in-

pile, compared with five, out-of-pile).

Random scatter in all test values results from inhomogenitles and brittleness in some

materials and additional random scatter in in-pile test values can result from possible
inhomogenitles in irradiation effects and from errors arising from remote handling

of the specimens and remote operation of the test equipment.

The standard deviation as well as the arithmetic means were determined for the

tensile yield stress, ultimate tensile stress, notched ultimate tensile stress and
notched to unnotched ultimate stress ratio.

The elongation and reduction of area and fracture stress data were not treated statist-

ically because known non-random errors (such as that due to imperfect fitting to-
gether of the fractured surfaces) would tend to invalidate the statistical treatment.

The yield to ultimate ratio was not treated statistically because in most cases, the

statistical quantities can be inferred from the statistical quantities determined for
the yield and ultimate stresses individually.

With the standard deviation of the means, the differences between the means (bias)

for the room temperature values and the cryogenic temperatures were calculated

with a range of values assigned based on the sample size (number of specimens) and
the desired level of confidence (ninety percent). The range is the extreme value.s
between which ninety percent of all determination of the bias would fall.(14, 15 )
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Similarly, the differences between the means of the results obtained out-of-pile

at 30°R and the values taken in-pile at 30°R were treated statistically to deter-
mine the significance of apparent irradiation effects and to permit comparison
of results from various materials.

The ninety percent confidence level is reasonably high. It permits discussing dif-

ferences as real rather than as probable. It should be noted that in most cases,

assuming a fifty percent confidence level would reduce the range of the biases by
a factor of approximately 2.5.

For a given difference between two means (the bias), the range of the bias shows

immediately if the difference is not statistically significant. If the range in-
cludes zero (one sign is positive, while the other is negative) then the difference

is not significant at the chosen ninety percent confidence level• The range of the

bias is also valuable in making comparisons between materials for a given test con-
dition. For example, if the ranges of the biases for one function for two given

materials overlap, then there is not significant difference between the two biases

or between the two materials with respect to that particular function•

No attempt has been made to statistically eliminate outliers (those test values that

appear to be extreme, probably due to an undetectable error in the observation).
They are pointed out in the few cases where they might affect the significance of
the results.
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5 TEST RESULTS

The objective of the test program was to determine changes in tensile properties

resulting from combined cryogenic and neutron irradiation environments and to

compare various materials with respect to these changes. As in most testing of

this sort, out-of-pile tests at room temperature and at the cryogenic temperature
were performed as a control in order to determine individual cryogenic and irrad-

iation effects. The resulting test values along with a discussion of their validity
are presented in this section.

5. I TEST VALUES

The pedigree data supplied by the vendors of the test specimen materials are sum-

marized in Appendix A. These data served as a description of the material used
in the test program as well as an indication of the validity of the room temperature
test values obtained in the screening program.

The raw test data along with the important statistical parameters obtained in the

screening program are compiled in Appendix B . These data include unnotched
tensile and yield strengths_ notched tensile strengths, elongations and reductions
of area and fracture stresses and are presented with the calculated notched-to-

unnotched tensile strength ratios and tensile yield to ultimate ratios. Estimated
modulus of elasticity values are presented in a separate table (B-34) at the end

of this appendix.

Photomicrographs taken of most of the materials as supplied by the vendors and after

various test conditions are shown in Appendix C .

Some typical constructed stress-strain curves are shown in Appendix D .

The differences between means of the test values at various test conditions are prob-
ably the most important numbers calculable from the raw test data. These differences

for the strength functions (Ftu_ Fty and Ftun) are presented in graphical form in
Figures 21 , 22 and 23 with a bar to represent each positive or negative difference
(bias) and an indication of the statistical range of this bias at the ninety percent
confidence level (see Section 4.2.6 ).

The arithmetic means of all test values, at the three test conditions, including
elongations, reductions of area, fracture stresses, notched-to-unnotched ratios and

yield-to-ultimate ratios are presented for easy reference in Tables 4 , 5 and 6.
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TABLE 4

SUMMARY OF TESTRESULTS, ALUMINUM ALLOYS

ALLOY Test Ftu
Cond.

(k_i)

1099 RT 13. 18
OP 30°R 33. 78

IP 30°R 49.20*

2014 RT 65. 64

OP 30°R 91.10

IP 30°R 84.60

2024 RT 67. 08

OP 30°R 106. 60

IP 30°R 100.77

2219 RT 59. 04
OP 30°R 95. 86

IP 30°R 93.73

5083 RT 46. 36

OP 30°R 95. 46
IP 30°R

5086 RT 45. 34

OP 30°R 9!, 96

IP 30°R 94.23

5456 RT 49. 90

OP 30°R 92. 20

IP 30°R 93. 15

6061 RT 43. 36

OP 30°R 68. 14

IP 30°R 64.57

7079 RT 95. 12

OP 30°R 145. 20

IP 30°R 133.70

7178 RI" 87. 68
OP 30°R 129.00

IP 30°R 134.30

X-250 RT 56. 26
OP 30°R 49. 54

IP 30°R 46. 93

B-750 RT 29. 54

OP 30°R 42. 58

IP 30°R 46.20

A-356 RT 44. 10

OP 30°R 64.54

IP 30°R 62. 10

* I test only
not recorded or not available

(g) failed at less than 0.2% plastic strain

Fry Ftun Fturv/Ftu Fty/Ftu

(ksi) _i)

12.48 16. 12 1.288 0.942

6.97 47. 16 1.412 0.216

43. 30* - - O. 880 *

60.34 79.50 1.210 0.920

68. 28 101.16 1.110 O. 750

71.77 - 0.847

50. 30 72. 82 I. 086 O. 748

77. 20 95. 64 O. 894 O. 724

79. 40 - O. 830

48.02 74.68 1.290 0.812

68. 18 98. 10 1.030 0.710

74.07 O. 787

32. 16 55.08 I. 190 0°692

43° 32 76. 70 O. 804 O. 454

32.00 52.88 I. 170 0.704

36. 18 68.40 0.750 0.394

59. 47 - O. 630

34. O0 59. 58 I. 190 O. 682

43. 86 66. 78 O. 720 O. 478

66. 70 - O. 720

40. O0 56. 52 I. 300 O. 922

50. 42 72.96 Io 070 O. 738

59. 37 - - O. 920

88. 96 108. 20 1. 140 O. 936

129.80 151.80 1.050 0.894
127. 70 - - O. 953

80.48 100.30 I. 146 0.918

108. O0 128. 20 Oo994 O. 834

121o30 - 0°903

32° 78 58. 54 I. 048 O. 590

49. 03 52.84 I. 098 O. 880

(_)

19.46 31.10 1.048 0.658

25. 18 3 I. 15 O. 745 O. 590
43. 53 O. 940

Elonga-

tion

(% in 4D)

22. 8
61.4

46.0 *

12.2

17.7

12.7

21.6

22. 3
16.3

14.2

16.4

15.3

11.4

21.0

10.6

30. 0
22. 3

12.8

18.2

14.0

18.5
30. 0

30.0

11.4

5.8

5.3

12.0

12.4

6°3

20. 6
nil

nil

8.8

7.0
3.3

Reduction

)f Area

(%)

79.0

69. 2

54.0*

35. 0

26.3

18.3

28.2

20. 3

18.0

32.2

27. 2
18.3

23.8

24.0

22. 0
25.0

20. 0

10.4

16.8

16.5

48. 3

41.4

34.0

25.2

5.8

4.3

22. 8

13.0

4°3

19.6

nil

nil

10.8

4.0
1.0

Fracture

Stress

(ksi)

110.0

87.4 *

69. 3

117.0

101.6

123.7

52, 4

111.3

130.0

54.2

122.7

I18.0

I13.0

111.5

95.4

103.5
153.4

140.0

138.3

49.5

46. 9

46.8

30.32 51.36 I, 166 0.688 14.6 18.4 54.5

37.58 65.86 1.038 0.584 11.6 9.4 71,7

46. 13 - O. 743 8. 7 8. 0 67.,6
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FIGURE 22 CHANGES IN CERTAIN FUNCTIONS FOR TITANIUM AND NICKEL

ALLOYS DUE TO CRYOGENIC AND IRRADIATION ENVIRONMENTS
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TABLE 5

SUMMARY OF TEST RESULTS, TITANIUM AND NICKEL ALLOYS

ALLOY

55A

5 AI-2.5 Sn

(Std. I)

5 AI-2.5 Sn

(El;)

6 AI-4 V

(Annealed)

6AI-4 V

( Aged )

8 AI-1Mo-IV

Test

Cond.

RT

OP 30°R

IP 30°R

RT

OP 30°R

I P 30°R

RT

OP 30°R

IP 30°R

RT

OP 30°R

IP 30°R

RT

OP 30°R

IP 30°R

RT

OP 30°R

IP 30°R

Ftu

(ksi)

67. 00

169. 40

192. 30

125.

224.80

239. O0

126. 40

228. 40

223.30

144. O0

260. 40

273. 70

167. 60

282.20

302. 30

138.00

239.00

261.70

Fty

(ksi)

53.50

122. O0

131.70

114.80

205. 25

218.00

113.40

214.20

213. 00

137. 80

243.20

254. O0

158.60

275. 00

293. 30

131.80

224.20

242.70

Ftun

84.28

167.20

187.30

166.80

249.60

273.00

153.40

267.20

270.00

184.40

281.60

283.67

201.80

288.80

295.00

175.00

267.20

282.00

Ftun//Ftu

1.260

0.990

O.990

1.330

I. 110

I. 150

1. 220

I. 170

1.210

1.280

1.120

1.040

1.210

1.030

0.980

1.270

I. 120

1.130

Fty/Ftu

0.798

0.722

0.690

0.920

0.915

0.913

0.896

0.948

0.953

0.957

0.934

0.950

0. 946

0. 976

0. 970

0.956

0.938

0.927

Elonga-
tion

(% in 4D)

30. 0

33.3

34.0

23.3

13.8

11.5

16.0

9.7

11.0

13.8

7.6

5.7

16.5

6.4

5.0

22.7

5.7

Reduction

of Area

(%)

62.3

53. 0

53.0

50.7

30. 0

36. 0

42.2

32.3

31.0

45.0

30. 4

37. 3

54.0

25.4

22.5

52. 6

29. 0

Fracture

Stress

(ksi)

298.0

170.0

i
Rene 41

K Monel

InconeJ

Inconel X

RT 130.20

OP 30°R 194.40

IP 30°R 194. 70

RT 154.20

OP 30°R 187.20

IP 30°R 188.30

RT 138.20

OP 30°R 186.40

IP 30°R 191.00

RT 200.60

OP 30°R 243.20

IP 30°R 241.0

- not recorded or not available

63.20

107.60

113.30

97.80

121.40

138.67

131.50

175. 80

179.00

142.20

150.80

161.30

142. 80

204. 80

194. O0

180.40

210.00

211.30

179.00

222.40

237.30

199. 75

249.80

230.30

1. 100

1.060

1. 000

I. 170

1.120

1.120

1. 290

1. 190

1.250

0.990

1.030

0.960

0.485

0.554

0.580

0. 636

0. 648

0. 737

0.950

0°940

0.940

0. 710

0. 620

0.667

54.8

60.5

55. 0

28.0

32.0

33.0

13.8

20. 0

25. 0

25.3

33.0

29. 0

60.8

50.5

48.0

54.3

54.8

51.3

54.8

56. 0

51.0

52. 3

45.6

37. 3

401.0

339.0

352.7

328.0

421.8

377.7
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Ftu

Fty
Ftun
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Ftu

Fty
Ftun
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FIGURE 23 CHANGES IN CERTAIN FUNCTIONS FOR FERROUS ALLOYS

DUE TO CRYOGENIC AND IRRADIATION ENVIRONMENTS
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TABLE 6

SUMMARY OF TEST RESULTS, FERROUS ALLOYS

ALLOY

304

310

347

A286

(AMS 5735)

A286

(AMS 5737)

T-450

AM 350

17-7 PH

A 353

440 C

Test

Cond.

RT

OP 30OR

I P 30OR

RT

OP 30OR

IP 30OR

RT

OP 30OR

IP 30OR

RT

OP 30OR

I P 30OR

RT

OP 30°R

IP 30OR

RT

OP 30OR

IP 30OR

RT

OP 30OR

IP 30OR

RT

OP 30OR

IP 30OR

RT

OP 30OR

IP 30OR

RT

OP 30OR

IP 30OR

Ftu

(ksi)

95. 14

242. O0

260. 33

84.90

212.20

218. 67

94.50

237. 40

250. 70

156. 00

235. 00

229. 00

171.80

238. 20

238. 00

119.60

197.20

192.70

199.00

340.60

313. 30

234.80

335.40

251.30

110.60

201.60

215.70

315. 80

261.20

217. 70

not recorded or not available

Fty

(ksi)

36.76

39.62

51.90

62.64

137.80

135.67

43.70

51.90

64.00

112.20

149.60

152.00

133. 80

156. 80

165. 70

38.68

91.46

92.27

186.40

332.30

308.30

226.60

330.00

250.70

88.60

174.80

190.00

269.80

(g)
(g)

Ftun

(ksl)

102.82

193° 40

173.30

112.40

188.64

218.00

113.80

214.20

238. O0

181.00

216.40

245. 67

196.20

255.00

239.00

120. 20

214.40

239. 60

268.40

148. 30

266. 60

182.60

137. 00

189. 60

217.40

107. 70

118. 70

Ftun,/Ftu

1.080

0. 8OO

0o 670

1.330

0.890

1.000

I. 158

0.902

0.960

1.160

0.920

1.070

1. 140

1. O70

1.010

1. 020

1. 090

1.210

0. 790

0. 470

1. 140

0o 55O

1.240

O. 940

0. 690

0.410

0. 550

Fty/Ftu

0. 386

0.164

O.200

O. 736

O. 648

0.617

0.462

0.220

0.257

0. 720

O. 636

0.663

O. 780

O. 658

O. 697

0.324

0.464

0.480

0.936

0.995

0.983

0.964

0.980

0.997

0.800

0.868

0.883

O. 854

(g)
(g)

Elonga-
tion

(% in 4D)

76. 5

34.4

33.5

42. 8

42. 8

48. 3

60.3

41.3

37. 0

26. 3

34.5

33. 5

23. 8

31.8

31.0

70.2

31.2

30. 3

19.3

11.0

7.3

13.8

nlt

nil

25. 2

_8. 0

15.7

nil

nil

nil

Reduction

of Area

(%)

81.3

38. 4

28. 5

79. 0

56. 2

21.7

76. 5

43. 8

55. 0

51.0

46.5

16.0

52. 5

42.2

39. 7

70. 8

27. 2

29. 7

53.7

36. 0

20. 7

45.0

nil

nil

69. 4

39. 6

21.3

nll

nll

nil

Fracture

Stress

(ksi)

462.0

278. 7

271.0

407. 6

386. 7

385.5

271.4

274.3

309.5

574.0

396.3

279.0

340.0

251.3

260.3

315.8

261.2

217.7

(g) failed at less than 0.2% plastic strain
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Most of the discussion in this section and the following sections is based on the

data as presented in Figures 21, 22 and 23 and Tables 4, 5 and 6 since they con-

tain nearly all the information needed to discuss the validity of the test data and

to analyze and interpret the results in terms of variables such as composition and
structure.

Presentation of the absolute changes (biases) in the strength functions in this form,

with the statistical ranges indicated, permits a ready assessment of over-all nuclear
cryogenic effects as well as easy comparison of materials with respect to the cryo-

genic and irradiation effects individually. When the range of a bias includes zero

it is not statistically significant at the chosen confidence level (90 percent) and
when the ranges of two biases overlap they are not statistically different at the chosen

confidence level. Trends in notched-to-unnotched strength ratios and yield-to-
ultimate strength ratios are apparent at a glance.

For readers more interested in percentage changes, the ratios of test values at 30°R

to test values at room temperature and the ratios of values in-pile at 30°R to values
out-of-pile at 30°R are shown in Figures 24, 25 and 26.

5.2 VALIDITY OF TEST VALUES

The validity or quality of test results can generally be indicated by: 1) estimating

systematic errors in the results from a careful analysis and calibration of the appa-
ratus, 2) determining statistical parameters, such as standard deviation, which are

a measure of random error (scatter) in the test results from a given population, and
3) comparing to data, perhaps of unknown quality, obtained independently in a

different laboratory.

Although the program was undertaken as a controlled experiment and although this
report stresses measured changes in properties due to changes in environment, it

was established that the absolute test values, presented in this report as well as
the changes in test values resulting from the cryogenic and irradiation environments

are of a quality at least equivalent to that generally obtained in physical testing
laboratories. This is of importance because the cryogenic data from some of these

materials is not generally available and may be useful as such to engineers needing
the absolute test values.
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2014
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TITANIUM ALLOYS
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137.80
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63.20
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131.50
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1.89
I. 74
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5.2.1 Systematic Errors and Miscellaneous Effects

There are certain systematic errors in the control, measurement and recording
system which have been discussed in Section 4.2. Some of these errors

affecting the strength values may depend on the stress level of the test and on

the shape of the stress-strain curve and so may vary from material to material.

On the other hand, some of the errors may be compensating, particularly as

they effect the biases. The maximum total of these systematic errors, even

assuming them to be all cumulative, cannot be accurately assessed but may
be estimated at less than a few percent in the strength functions, at least at

moderate to high stress levels (50 Ksi and above).

There is a non-random error in the yield strength measurement which arises in

the determination of the slope of the so-called elastic portion of the stress-strain

curves and as mentioned previously (Section 4.2.5.1) the elastic modulus values

must be considered strictly as estimates. However, in nearly all cases where

the choice of slope is arbitrary the 0.2 percent offset slope intercepts the stress-
strain curve in a region of low rate of hardening (low slope) and large variations

in the offset slope do not result in large variations in the yield stress.

There are certain effects that occur in tensile testing of structural materials which,

although not strictly a source of error, can account for discrepencles among data

produced in different laboratories. These are strain rate effects and specimen
size effects, both of which may be dependent on the material structure and grain
size.

As indicated in Section 4.2.1, the strain rate used in the screening program was

approximately 0.0015 in ./in ./minute and may have varied by 20 percent or
more in certain instances. Data from other laboratories with which the screening

program results will be compared was obtained at various strain rates up to 0.01
in ./in ./minute.

Specimen size effects have been noted in the literature and deserve some elabora-

tion at this point. As described in Section 3.2, miniaturized tensile and tensile

notch specimens were used to produce the test results described. Early in the
screening program there was concern over the use of such specimens as a source
of discrepancy and some comparisons were made between miniaturized and standard

specimens from three materials exhibiting a variety of deformation characteristics
(Stainless Steel 304, Aluminum 7178 and Titanium 55A).
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Largeand small round tensile and round tensile notch specimens were tested at

approximately 540°R and at liquid nitrogen temperature (140°R). The tensile
notch tests were conducted at liquid hydrogen temperature (36°R)as well as at

the two higher temperatures. Some statistically significant differences did

appear in the ductility values and in the tensile notch strengths but comparison

of the screening test results to the pedigree data (produced with standard size

specimens at room temperature) did not confirm these differences except in
the case of the Stainless Steel 304.

Except for the yield strengths, Stainless Steel 304 shows consistent dependence

on specimen size at room temperature. The ultimate strength and elongationwere

higher (by approximately 15 percent) in the smaller specimens than in standard

size specimen s. Although there is not pedigree data to use for confirmation, the

tensile notch strength appears to be approximately 15 percent lower in the small

specimens than in the standard specimens.

Stainless Steel 304 is unique among the materials investigated for specimen size

effects in that it is relatively ductile and has a low yieid-to-uitlmate strength
ratio. It might be tentatively concluded that materials exhibiting these same

characteristics will show similar size effects. Stainless Steel 347 is very similar

to the Stainless Steel 304 and on the basis of the pedigree data and the screening
program values does show the same size dependence.

Tests outside this laboratory(16) on yield and ultimate strengths of Stainless Steel

304, indicate that small specimens (0. 125 inch diameter by 1/2 inch gage) have

larger test values than the large specimens (0.500 inch diameter by 2 inch gage)
but that the absolute magnitude of the difference in the two functions produced
by irradiation is unaffected by specimen size up to 8.6 x 1020 nvt.

The possible size effects should be classed with possible material stock (whether

bar or sheet) effects by design engineers, using the absolute values presented in

this report with appropriate caution. It can be emphasized that the value of the
screening program test values as indication of sensitivity of various materials to

irradiation effects at 30°R is in no way impaired by the use of miniaturized speci-
mens, with the exception of the tensile notch values as noted in Section
3.2.2.

5.2.2 Scatter in Test Values Due to Random Error

There are natural random errors in readings and calibrations as well as random varia-

tions in the actual properties of the materials tested, all of which are indicated
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by the standard deviation of the test values from the mean of the values.

Errors in elongation and reduction-of-area measurements from tensile test speci-

mens are generally larger than errors in strength measurements. Part of the

error in elongation measurements is attributable to imperfect fitting together
of failed specimen parts for the final length measurement and therefore is not

totally a random error and is of more importance in the low values.

Large errors in the reduction-of-area measurements result from inability to accur-

ately determine minimum diameters after failure and, as is seen in Tables 4 _ 5
and 6 , impossible values (geometrical conslderations require that the reduction

in area be larger than the measured elongation) sometimes result. Further dis-

cussion in this report will generally not include mention of reduction-of-area
values. Errors in the reductlon-of-area measurements naturally are included in
the fracture stress values.

Actual variations in material properties may be more pronounced at cryogenic

temperatures. This would be expected in brittle materials or in materials having
fabrication defects. It would be particularly true in the austenitic steels in

which phase transformations will occur during deformation at low temperatures.

Standard deviations might be expected to be greater in the nuclear-cryogenic tests

than in the cryogenic tests, partly due to errors in the integrated flux determina-
tion and partly due to differences in dose rate which can vary by about a factor

of two from test to test. Also there is somewhat greater difficulty in the measure-

ments in irradiation tests and a greater chance for specimen mlsalignment during
the required remote operation in these tests.

The use of only three tests in the irradiation portion of the program results in a

statistical increase in the standard deviation which is not apparent in the data.

A revlew of the standard devlatlons of the strength values for all the materials at

all test conditions (Appendix B) reveals that for most of the tests in the screening
program the standard deviations are less than 5 percent of the mean values.

The standard deviations of the elongation values are assumed to be approximately
half of the difference between extreme values(14) for a particular material and

test condition and nearly all of these deviations are less than twenty-flve percent
of the means if the tests on the aluminum alloys out-of-pile at 30°R are excepted.

Certain variations in the standard deviations as percentages of the test values are

apparently dependent on the test and on the materials and test conditions and may

74



be grouped according to the major constituent of the alloy:

Aluminum Alloys

Low strength alloys (1099 and 5000 series) and casting alloys
(X 250, B 750 and A 356) exhibit more scatter at RT than

other aluminums with the exception of AI 2219 which exhibits
inexplicably high scatter at RT.

In the aluminum alloys as a group there is increased scatter

at 30°R particularly in Ftun and elongation. Also, there is
no general difference in scatter with irradiation but there

are no very high (, 10%) deviations as in the other two test
conditions.

The high deviations in the values from the low strength mater-

ials (oartlcularlv AI 1099] can be explained in part nt I_n_f_

by larger percentage errors in the measurement and recording
systems at the lower load levels.

The generally high deviations in the strengths of X-250 and

A-356 is due to imperfections in the cast specimen stock.

Titanium AIIoys

With the exception of Ti 55A which is a low strength material,

the strengths of titanium alloys exhibit less deviation than the
aluminum alloys.

There is some apparent dependence in the deviations of the

test values on temperature with the deviations being somewhat
higher, for the titanium alloys as a group, at the out-of-pile
30°R condition than at room temperature.

Nickel AIIoys

Scatter in the test values from the nickel alloys appears to be

similar to that from the high strength titanium alloys with the

exception of Inconel X which has standard deviations greater
than five percent for all three strength functions at 30°R.

75



Ferrous AI lays

The variations in the strengths of the austenites, 304, 310 and

347 show a large dependence on temperature with many of the

deviations at 30°R and 30°R IP being greater than 10 percent
of the test values.

The A 286 (5737) values appear to exhibit more scatter than
the A 286 (5735) values.

Values from 440C have consistently high deviations (5-10 per-
cent).

Of all the alloys tested, T-450 is the only exception to the

general rule that the percentage deviations are higher at the

cryogenic temperature.

The random scatter in the changes due to environments as indicated by the ranges

of the bias (Figures 21,22 and23) which represent a somewhat complex combina-

tion of the room temperature scatter and scatter at 30°R in the case of the cryogenic

effects and a similar combination of the scatter at 30°R and that in-pile at 30°R
in the case of irradiation tend to confirm these conclusions but indicate in addition

that there is an appreciable increase in scatter in one or more of the strengths of

certain materials which is associated with irradiation testing. These materials are:

Aluminum Alloys, 2024, 7079 and 7178

Titanium Alloys, 55A and Ti 5% AI-2.5% Sn (Std°
Stainless Steels, 310 and 347

I)

5.2.3 Comparison of Room Temperature Test Results To The Pedigree Data

There is generally good agreement between the test values obtained at room tempera-

ture in the screening program and the pedigree data supplied by the vendors of the
materials tests.

One difficulty in making this comparison is that the quality of the pedigree data is

not known. The pedigree data represents results from sample lots generally smaller

than the five specimen lots used in the room temperature testing in the screening
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program and the vendors only supplied mean test values, without indications of

scatter in the values. It is assumed for the purposes of this discussion that the
quality of the pedigree data is similar to that of the screening program data.

The following alloys show very good agreement between the screening program

data and the pedigree data: (The Ftu and Fty values, including the standard devia-
tions, from the screening program fall withinplus or minus 5 percent of the pedi-

gree values.)

Aluminum AIIoys_ 1099, 2014, 2219, 7079, X-250 and A 356

Titanium Alloys, 55A, Ti 5% AI-2.5% Sn (ELI) and Ti 6% AI-

4% V (annealed) and Ti 6% AI-4% V (aged)

Nickel Alloy, Inconel (cold drawn)

The fo!!owing alloys show small differences between the screening program data and

the pedigree data, in at least one strength value, which are noted as follows:

Aluminum 2024, K Monel and A 286 (5735) all have Fty values
about 5 percent lower than the pedigree values.

Inconel X has Ftu and Fty which are somewhat high with respect
to the pedigree values.

The elongation values obtained at room temperature in the screening program appear
to be somewhat high (_10 percent) when compared with the pedigree data from the

fol lowing al Ioys:

Aluminum B-750

Titanium 8% AI- 1%Mo- 1%V

Stainless Steel A 286 (AMS 5735 and AMS 5737)

Austenitic Manganese Steel T-450

Stainless Steel AM 350

The room temperature elongation value from Aluminum 5086 appears to be low when

compared with the pedigree data.

The following aluminum, titanium and nickel alloys tested in the screening program

show room temperature values of Ftu and Fty which are about 5 to 10 percent low
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with respect to the pedigree data:

Aluminum Alloys, 5083, 5456, 6061 and 7178

Titanium 5% AI - 2.5% Sn (Std. I)

Ren_ 41 (nickel alloy)

The elongations from this group of alloys are in fair agreement with the pedigree

values with the possible exception of Aluminum 5083, which gave a range of values
lower than the pedigree value, and Titanium 5% AI - 2.5% Sn and Ren_ 41 which

have ranges of values higher than the pedigree values.

As discussed earlier there is serious disagreement between the room temperature

screening program test values and the pedigree data from the Stainless Steels 304
and 347 whlch may possibly be attributed to the use of miniaturized test specimens

in the screenlng program. The Stainless Steel 310 elongations were also high with

respect to the pedigree data but its Ftu value was low as were the Ftu values from
SS 304 and SS 347.

Stainless Steel 17-7 PH gave strength values that were high (by more than 10 per-

cent) with respect to the pedigree strengths while the Nickel Alloy Steel ASTM
A 353 gave strength values that were low (by more than 10 percent). The elonga-

tions of both of these alloys were in fair agreement wlth the pedigree data. It
must be noted that the pedigree specimens of A 353 were stress relieved before
testing while the screening program specimens were not.

The pedigree data for Stainless Steel 440C is obviously in error but typical manu-
facturer values would indicate that the ultimate tensile strengths measured from

this alloy at room temperature in the screening program are high by about 10 per-
cent while the yield strength values are reasonable.

5.2.4 Comparison of OP 30°R Test Results To Other Cryogenic Data

There are low temperature mechanlcal properties test data from outside sources for

many of the materials tested in the screenin.a program and most of these data appear
in the Cryogenic Materials Data Handbook( 1 ') which is a compilation of data from

various sources as indicated earlier, in Section 2. In addition there are data

supplied by the Aluminum Company of America on certain of the aluminum alloys.(17)
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In all instancesthe dataare from specimensof different size and shapefrom those
usedin the screening program and it is assumed that various test conditions such

as strain rate are also different. Therefore, the comparisons of data which have
been made will not be described in the same detail as the comparisons with the
pedigree data.

Even when there are known differences in technique, room temperature and cryo-
genic data from a particular material from an outside laboratory have been used

for comparison when the room temperature data are in agreement with either the

screening program or pedigree data. In certain instances when the room tempera-

ture data are not in good agreement with the screening program data but are in

fair agreement with the pedigree data, the absolute changes due to the cryogenic
environment are compared. This is on the assumption that the differences due to
environment are less sensitive to many experimental variables than the absolute
values o

Tensile yield and .e..sz!,_ u!ti.._r_te strength ,-a!ues _,f 30°R for fwonfy-fl_ree (93)
of the materials tested in the screening program are compared with results from

similar materials from various laboratories measured at a slightly higher tempera-
ture (_36°R). Elongation values generally are not noted except where differ-

ences are very large, because this function is known to be sensitive to specimen
shape and strain rates.

It is assumed that the data are of a quality similar to the screening program data
with respect to scatter in the test values.

In general, agreement is good, with differences in the absolute values at cryo-

genic temperatures rarely greater than 10 percent of the values or the differences

due to cryogenic environment rarely differing by more than a few percent°

The following alloys are not compared because there are not readily accessable
cryogenic data from slmilar material stocks at similar test conditions:

Aluminum Alloys, 1099, 5083, 5086, X-250, B-750

Titanium 55A

Stainless Steels, A-286 (AMS 5737), AM 350, 440C

Aluminum 7079 was not compared. Although there are data from material of nom-

inally the same composition, the strength values are so much lower than the screening

program values at both temperatures that it must be concluded that the materials and/
or test conditions are not equivalent.
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The following alloys show good agreement (within ten percent) between cryogenic

strength values obtained in the screening program and values obtained elsewhere:

Aluminum Alloys, 2014, 2024, 2219, 7178, A-356

Titanium Alloys, Ti 5% AI-2.5% Sn (ELI), Ti 8% A1-1% Mo-1% V

Inconel X

Stainless Steel A-286 (AMS 5735)

The following alloys show good agreement (within ten percent) between differences

due to cryogenic environment obtained in the screening program and values obtained
elsewhere:

Aluminum 5456

Nickel Alloys, Ren_ 41 and Inconel (cold drawn)

Austenitic Manganese Steel T-450

Nickel Alloy Steel ASTM A-353

The screening program test values from the fol lowing alloys at cryogenic tempera-
ture show minor dlscrepencles with other data as noted:

Aluminum 6061, Ftu from the screening program about ten

percent below the other values

Titanium 6% AI - 4% V (annealed) and Ti 6% AI - 4% V (aged)

Ftu and Fty low

Nickel Alloy K Monel, elongation value low

The following alloys show large discrepencies between at least one of the cryogenic

strength values obtained in the screening program and values obtained elsewhere as
noted:

Titanium 5% AI - 2.5% Sn (Std. I ), difference from the screening

program due to cryogenic temperature in Ftu and Fry are more than
twenty percent below other values.

Stainless

percent

Stainless

Stainless

Steels 304 and 347, Fty values appear to be about twenty
low

Steel 310, Ftu and Fty values both high
Steel 17-7 PH, Ftu values unusually low (_ 100 ksi)

8O



5.2.5 Comparison of In-Pile 30°R Test Results To Other Nuclear Cryogenics
Data

Nuclear cryogenic data from other sources similar to that obtained in the screening

program is very fragmentary. And as numerous writers have pointed out comparison
of results from irradiation effects experiments by different investigators is difficult,
in general, due to significant differences in irradiation and test conditions such as

neutron spectrum.

However, there are nuclear cryogenic data from another source(18) for five materials

at the same nominal composition as five of those tested in the screening program.
These data have been compared although there are known differences in irradiation

and test temperatures, material stocks, specimen shapes, strain rates and methods
of strain measurement that can affect the results. The five materials are:

Aluminum 6061

Aluminum A-356

Titanium 5% AI - 2.5% Sn (ELI)

Inconel X

Stainless Steel A 286

There are no serious discrepencies between the two sets of data. In fact, there is

remarkably good agreement in certain cases. Both sets of data show significant
irradiation induced increases in the yield strengths of Aluminum 6061 and Aluminum

A-356 which are nearly equal and neither set shows significant irradiation effects on

the yield strengths of the other three alloys.

Also in agreement with these test results, other observers(19)have noted a decrease

in the tensile strength of copper bearing aluminum alloys resulting from cryogenic
irradiation.
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6 ANALYSIS OF TEST RESULTS

The program objectives, as described in Section 1, were principally oriented
towards obtaining engineering data rather than theoretical model formulatlon.

For this reason, the materials selected for testing are, in general, the fairly

complex structura I polycrysta I line aggregates in a variety of tempers norma I ly
used in structural application rather than the pure metals or simple binary alloys

generally used for solid state mechanism studies. However, the test results may

be analyzed with respect to the compositions and structures of the materials

and do present some opportunity for interpretation with the possibility of yielding
fundamental conclusions generally applicable to nuclear cryogenic effects in

a I Ioys.

A summary of the test results, presented in detail in Appendix B, has been given

in Section 5 of this report. Analysis of the test results is given for each alloy
group in the following sections.

Metallographic and, to a lesser extent, X-ray diffraction studies were undertaken

to supplement the mechanical properties test data in an effort to provide addi-
tional information for analysis of the irradiation effects. Variations in metallo-

graphic techniques between irradiated and non-irradiated specimens, presented
in Appendix C, sometimes cause apparent structural differences which are not

actually present in the material. Each instance of actual structural alteration

considered to be of real significance is discussed in the section describing the
individual alloy. Other apparent differences in structure observable in the figures

in Appendix C are considered to be ascribable to polishing and etching techniques

rather than to structural anomalies resulting from either cryogenic or irradiation
environments.

A qualitative interpretation of certain test results in terms of generally accepted

cryogenic and nuclear irradiation phenomena in metals and alloys is presented in
Section 7.

6.1 ALUMINUM ALLOYS

Aluminum does not exhibit the isothermal allotropic crystallographic phase trans-

formation present in some other metals; therefore, a face centered cubic crystal
structure is stable at all temperatures below the solidus temperature for the aluminum

alloys tested in this program. The aluminum alloys tested fall naturally into two
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separate categories: wrought alloys and cast alloys. The wrought alloys are those
which receive mechanical forming at elevated temperatures after final solidification.

The preheating of the ingots prior to mechanical working and the working itself have

profound metallurgical effects on the material. During these operations, the initial

cast structure of the ingot, dendritic or cored as the photomicrographs of the three

casting alloys in Appendix C illustrate, is mechanically broken up, the material
composition is homogenized by diffusion at elevated temperature and any casting

voids or porosity generated by shrinkage during solidification are welded closed.

Since these treatments may alter mechanical properties to as great a degree as
changes in chemical composition, the 10 wrought alum|num alloys tested in thls pro-

gram are treated separately from the three casting alloys.

An additional distinction, response to heat treatment, is present in the wrought

alloys which provides a basis of classification for these materials. Aluminum alloys

are essentially substitutional solid solution type alloys, but in some compositions
deliberate additions of metals are |ncluded which have a limited solubility in

aluminum at room temperature and a tendency to form inter-metallic compounds

with aluminum or with each other. The solid solubility of these inter-metall_cs

in aluminum is a temperature dependent function; therefore, the distribution and
size of precipitates of the inter-metal I_cs can be control led by appropriate thermal

treatment. This program included six heat treatable wrought aluminum alloys: three

in which copper (as CuAI2 and AI 2CuMg) is the principal hardening agent, the

2000 serles alloys; one in which a complex system of AI-Cu-Mg-Si inter-metallic
compounds provldes the precipitate, Aluminum 6061; and two in which the additives

cause the formation of Mg Zn2 and complex AI-Zn-Mg compounds as the principal

hardening agents, the 7000 series alloys. The hardening effect of these inter-metalllcs
depends on their preclpltation after a solution heat treatment. This can be accomp-

lished by several methods and the various heat treat conditions, together with their

standard designations, are given below:

Solution treatment followed by strain hardening - T3

Solution treatment followed by natural (room temperature) aging - T4

Artificial aging after rapid cooling during processing - T5

Solution treatment followed by artificial aging - T6

Solution treatment followed by strain hardening followed by artificial
aging - T7

Solution treatment followed by artiflclal aging followed by strain
hardening - T8
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Sometimes, additional digits are used to designate exact material histories. Alloys
were tested in several of the above conditions during this test program.

Pure aluminum, Aluminum 1099, and aluminum alloys containing alloying additions

(such as magnesium) with moderate solid solubility in aluminum, the 5000 series, will

not respond to thermal hardening due to the absence of inter-metalllcs and the pres-

ence of a stable terminal substitutional solid solution in the system equilibrium
(phase) diagram. (20) These alloys are hardenable only by cold work.

The alloy temper designations indicate the degree of strain hardening the material

has received. The letter - O - after the alloy designation indicates that the material

has been fully annealed after the final cold work and is in a dead soft condition.

The designation - H 1 - indicates that the alloy has been cold worked for strain hard-
ening after the final anneal. A second digit from two through nine indicates the

degree of cold work, -H 19 - indicating extra hard, -H 18 - indicating full-hardt

commercial grade and -H 14 - indicating a tensile strength approximately midway
between the - O - and - H 18 - conditions. If the alloy has been partially annealed
after strain t. , • .t. ^-^ that _.... _k_ :_:_:..I digit is ,-hango,4 to two. For,,aruening, ,,,e ._,_ ,,_,,_ ,,,_ .,,,,, .......
alloys requiring and receiving a stabilizing thermal treatment after cold work, the

initial digit is changed to three. Sometimes a third digit is used to indicate slight
variations from these standard treatments.

Examination of the test results as shown in Figure 21 indicate that irradiation environ-

ments have a greater over-all effect on the mechanical properties of the strain hard-

ening materials but a more pronounced deleterious effect on the precipitation
hardening alloys.

Changes in the values of several functions due to cryogenic environment and due to
irradiation are presented in Figures 21 and 24 and the arithmetic means of these

test values are presented in Table 4. The magnitude of these changes is shown in

Figure 21 and the ratios of the environmentally altered test value to the initial
values are shown in Figure 24.

The aluminum alloys may be grouped for discussion of both their cryogenic and irrad-

iation effects according to their nominal compositlons.

The high purity Aluminum, 1099, shows real and sizable effects due to cryogenic
environment, and also to the combined nuclear-cryogenic environments, which are

not similar to effects in the alloyed aluminums.
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The alloys 2014, 2024 and 2219, which are similar in composition and strength,
behave similarily, with 2024 and 2219, being most alike in their behavior in the

cryogenic environment; the ranges of their biases due to the cryogenic environ-

ment in the functions shown overlap.

SimilariHes between the alloys 5083, 5086 and 5456 are most remarkable, with their

changes in ultimate strength due to the cryogenic environment and their changes

in ultimate strength and yield strength due to irradiation being approximately the

same. The changes in their yield strengths due to cryogenic environment are appar-
ently dependent on their proportional content of magnesium, as might be expected.

Alloys 7079 and 7178 are somewhat similar in their cryogenic behavior but not in
their behavior under irradiation. The only significant change due to irradiation in

these two alloys is the increase in the tensile yield strength for alloy 7178.

The casting alloys do not have much in common except that B-750 and A-356 show

similar cryogenic changes in the ultimate tensile and tensile yield strengths. This

would appear to be coincidental since there is no similarity in their compositions.

In evaluating the radiation induced changes in the mechanical properties of these

alloys, it should be kept in mind that the accumulated dose received by each speci-
men was 1 x 1017 nvt (E>0.5 Mev). This may well be below the threshold level

for some significant effects in these materials, which are therefore undetectable at

this relatively low irradiation exposure.

More detailed discussions of the aluminum alloys follow.

6.1.1 Aluminum 1099 -H 14

This alloy is a high purity commercial grade of aluminum in which solid state effects
are relatively unaffected by the presence of "foreign" solute atoms or second phase
constltuents.

The behavior of this material at cryogenic temperature was unique among the materials
tested in the screening program. A major (x 2.56) increase in ultimate tensile strength

and in elongation (from 23 percent to 61 percent) was accompanied with a reducHon in

the absolute value for the tensile yield strength (x 0.56) at 30°R, unirradlated, com-

pared with room temperature test results. The Fty/Ftu ratio decreased from 0.94 to 0.22
as a result of the 30°R environments.
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Photomicrographsof this material are shown in Figure C 1 of Appendix C. Com-

parison of the fracture areas of the room temperature and the 30°R, unirradiated
specimens offers confirming evidence of a change in strain pattern at cryogenic

temperatures. The grain distortion during plastic flow at room temperature con-

sisted of longitudinal elongation of the individual grains; at 30°R planes of mechan-
ical twinning at 45 ° to the axis of loading were observed. Mechanical twinning

of face centered cubic lattice metals, while not observed during room temperature
testing, has been reported during cryogenic straining of single crystals.(21)

Although three specimens were tested at 30°R after irradiation to 1 x 1017 nvt_
inadvertent variations in test conditions in two instances influenced the data to

a degree which precluded direct comparison of test results among the three speci-

mens. One test specimen was prestressed prior to irradiation which added an
unknown degree of cold work in the specimen at the time of initial application of

the monitored Stress. A second test specimen obtained an unknown quantity of self-

annealing after receiving approximately eighty percent of the desired irradiation
when a temporary refrigeration system malfunction allowed the specimen temperature

to increase to about 70°R. The temperature was restabillzed at 30°R after ten min-
utes and _L_ -..__-._,.- _ v.._,,,_ ,, , ,,u,,,, ,o,, period was completed, cIn_ specimen was tested in the
non-prestressed condition after a complete irradiation exposure to 1 x 1017 nvt at

30°R. The test results from this single specimen showed radiation induced effects

of an increase by a factor of 1.46 in ultimate tensile strength accompanied by a
factor of 6.21 increase in tensile yield strength and a decrease in elongation from

sixty-one percent to forfy-slx percent. The Fty/l:tu ratio increased to 0.88, indi-
cating an almost complete recovery to the room temperature value.

The change in tensile yield strength values due to irradiation is mitigated by either
prestressing or low temperature self-anneallng. The specimen tested at 30°R,
irradiated to 1 x 1017 nvt after prestressing and the one which obtained a degree

of self-annealing at_70°R, reported in Table B-l, Appendix B, gave similar test
results with an increase in ultimate tensile strength by a factor of 1.31. The

tensile yield increased by a factor of 3.5 and the Fty/Ftu ratio increased to approx-
imately 0.70.

Comparison of the photomicrographs of the fracture area shown in Figure C 1, Appen-
dix C, shows the presence of mechanical twinning only in the specimen tested at 30°R
with no irradiation exposure. This confirms a radiation induced increase in critical

shear stress to above the level required for macroscopic strain of the material.

X-ray diffraction patterns for the material after testing under the three sets of test

conditions are shown in Figure 27. They tend to confirm the presence of twinning
only in the specimen tested at 30°R without irradiation.
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k c k  reflection from deformed region 
of specimen failed a t  room tempera- 
ture, showing preferred orientation 
with considerable grain distortion 

Back reflection from deformed region 
of specimen failed at 30°R without 
irradiation, showing less preferred 
orientation than i n  (a) but somewhat 
higher degree of grain distortion 

Back reflection from deformed region 
of specimen failed at  30°R after 
irradiation of 1017nvt, showing 
preferred orientation as i n  (b) but 
very limited grain distortion 

FIGURE 27 X-RAY DIFFRACTION PATTERNS 
FROM ALUMINUM 1099 
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6.1.2 Aluminum-CopperAIIoys

Thecopper bearing aluminum alloys have a hardening response to thermal treatment

caused by the temperature dependence of the solubility limit of copper inter-
metallic compounds in solid solution with aluminum as the solvent. The intentional

addition of two or three atomic percent of solute atoms or alien precipitates with
greater mass and smaller atomic radii than the matrix atoms influences both the

cryogenic and irradiation behavior of these alloys.

A reduction in the arithmetic mean of the ultimate tensile strength is shown in Figure
21 for all of the aluminum-copper alloys after irradiation at 30°R.

Additional experimental work at higher irradiation levels might be desirable for the
aluminum-copper alloys due to the indication of deleterious irradiation effects with
a threshold as low as 1 x 1017 nvt.

6.1.2.1 Aluminum 2014 - T651

This alloy was tested in the solution heat treated and thermally aged condition. The

cryogenic effect in this alloy was significant. The ultimate tensile strength was

increased by a factor of 1.39, accompanied by an increase by 1.13 in tensile yield.

The Fty/tFtu. ratio decreased from 0.92 to 0.75 with a resultant significant increase
• ! • • , • I • •

in e,oi-Jgohon from lwelve p_t_,, ,o _,g,,,_i, pc, _i;,.

The specimens tested at 30°R after an accumulated fast neutron exposure of 1 x 1017nvt

showed a slight decrease in the mean ultimate tensile strength (x 0.93) with no sta-

tistically significant (at the ninety percent confidence level) change in tensile yield
strength, compared with unirradiated specimens tested at 30°R. The elongation

reverted to the room temperature values and the Fty/Ftu ratio showed almost complete
recovery to the room temperature values. The reduction in mean ultimate tensile
strength resulting from irradiation is of questionable practical significance due to the

scatter of the test data as indicated by the range of the bias.

Photomicrographs of this material are shown in Figure C 2 of Appendix C. Compar-
ison of the fracture areas of the room temperature and the 30°R, unirradlated,

microstructures shows a diminution in strain hardening during stressing to failure

evidenced by the reduction of grain elongation parallel to the axial loading direction.

This confirms the observed reduction in Fty/Ftu ratio and the increase in reported
elongation.

89



1

6.1.2.2 Aluminum Alloy 2024 - T351

This alloy material received its hardening treatment by strain hardening rather
than by aging after solution heat treatment. The cryogenic effect in this alloy

increased the 30°R ultimate tensile strength by a factor of 1.59 and the tensile

yield strength by a factor of 1.53, causing only a minor, and probably not

significant change in the Fty/Ftu ratio. The elongation was not significantly
affected.

The mean ultimate tensile value decreased after irradiation, but the magnitude

of test data scatter, indicated by the range of the bias in Figure 21 , exceeds
the difference and the validity of the apparent reduction in Ftu is not statistically

significant at the chosen confidence level (ninety percent). A slight (x 1.03)

but statistically significant increase in the Fty resulted from the irradiation; elonga-
tion dropped from 22.3 percent to 16.3 percent as a result of irradiation. The

photomicrographs shown in Figure C 3 of Appendix C show no significant structural

difference between the unlrradiated specimen tested at room temperature and at
30°R. Any apparent difference is attributable to variations in polishing and etching

techniques.

Any possible change in strain hardening rate, such as was observed in Aluminum

2014 - T651, is obscured in metallographic examination by the prior cold work of
the material required to produce the -T 351 condition.

6.1.2.3 Aluminum 2219-T87

This copper bearing alloy, incorporating additions of several minor constituents to
increase the mechanical properties at elevated temperature, received combined strain

and precipitation hardening treatments (aging) after solution heat treatment prior to

testing. The cryogenic effect in this alloy increased the 30°R ultimate tensile strength

by a factor of 1.62 and the tensile yield strength by 1.42. The drop in Fty/Ftu ratio
from 0.81 to 0.71 was accompanied by a very slight increase in elongation.

A slight decrease (x 0.98) apparent in Ftu due to irradiation is not significant at

the ninety percent confidence level. A slight increase (x 1.09) in Fty due to irradia-
tion is significant. The elongation was virtually unchanged.
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No significant structural changes were observed in the photomicrographs shown

in Figure C 4• Appendix C. Any structural variation would appear to be masked
by the prior cold work of -T 87 temper material; any apparent variation is attrib-

utable to variations in polishing and etching techniques.

6.1.3 Aluminum-Magnesium Alloys

This series of aluminum alloys does not show a hardening response to thermal treat-

ments. The temper of these materials is controlled by the degree of cold work
received after the final anneal.

These alloys appear to have a significant irradiation induced increase in tensile yield
strength accompanied by a reduction of elongation• However• the irradiation induced
reduction of ductility should not be considered as indicative of serious embrittlement

since the elongation values obtained at 30°R, x 1017 nvt remained larger than the
room temperature• unirradiated, values.

6•1•3.1 Aluminum 5083 - H321

This alloy showed large cryogenic effects. The increase in the ultimate tensile strength
",s_bo,-t by a factor nf 2.06. The factor of 1.35 increase in tensile yield caused a

diminution in Fty/Ftu ratio from 0.69 to 0.45 with an increase of elongation from
eleven percent to twenty-one percent.

No tests had been run on this material after irradiation at the termination of the

screening program.

6.1•3.2 Aluminum 5086 - H 32

This alloy has a cryogenic behavior quite similar to that of Aluminum 5083. The
principal observable difference between the two materials is the smaller increase in

tensile yield strength of 5086 at 30°R (x 1.13). The ultimate tensile strength of 5086

was increased by approximately a factor of two. The Fty/Ftu ratio was reduced from
0.70 to 0.39 with an accompaning increase of elongation from eleven percent to
thirty percent•
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Testresultsobtained at 30°Rafter an integrated exposure of 1 x 1017 nvt (fast)

indicated a negligible change in the ultimate tensile strength accompanied by an

increase (x 1.64) in tensile yield strength. The Fty/Ftu ratio increased from 0.39
to 0.63 but the material retained an elongation of about twice its room temperature
value.

Examination of the photomicrographs shown in Figure C6 of Appendix C show no
significant structural change; any such change would appear to be masked by the

prior cold work of the material. The enlarged etch pits in the irradiated condition

are attributable to variation in the etching technique.

6.1.3.3 Aluminum 5456- H 321

The irradiation and cryogenic effects in this alloy are similar to those of the other

two magnesium containing alloys. The cryogenically induced increase in ultimate

tensile strength was by a factor of 1.85; in tensile yield, x 1.29. The decrease in

Fty/Ftu ratio from 0.68 to 0.48 was accompanied by an increase of about fifty per-
cent in elongatlon.

The specimens tested at 30°R after irradiation to 1 x 1017 nvt (fast) showed a negli-

gible increase in ultimate tensile strength and an increase in tensile yield strength

by a factor of 1.52. The Fty/Ftu ratio, therefore, increased to 0.72 but the elonga-
tion remained above room temperature values. Only two specimens of this material

had been tested after irradiation at the termination of the screening program.

The photomicrographs shown in Figure C 7, Appendix C, show no significant struct-

ural change_ with the exception that the fracture at 30°R appears to be more brittle
than the fracture at room temperature. Any other apparent differences are attributa-

ble to variations in polishing and etching techniques.

6.1.4 Aluminum-Magnesium-Silicon Alloys-Alumlnum 6061 - T6

This alloy was hardened by thermal treatment through age hardening after solution

heat treating. The cryogenic environment increased the ultimate tensile strength (x 1.57)

and the tensile yield strength (x 1.26) in this alloy. The resultant Fty/Ftu ratio de-
creased from 0.92 to 0.74, accompanied by an increase in elongation from eighteen

percent to thirty percent.
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The test results obtained at 30°R after irradiation to 1 x 1017 nvt (fast) indicated

a slight drop (to 0.95 of OP value) in ultimate tensile strength and a significant

increase (x 1.18) in tensile yield strength. The recovery of the Fty/Ftu to 0.92,
suprlslngly, was not accompanied with a significant change in elongation.

The photomicrographs in Figure C 8, Appendix C, show no significant irradiation

induced changes. Photomicrographs of the 30°R, unirradiated, specimens are not
available.

6.1.5 Alumlnum-Zinc Alloys

This series of alloys is hardenable by solution heat treatment followed by artificial
aging.

6. I. 5. I ^ I. _-_ 7n7o•-,,u,,,,,,um , ,,,, - T 6

The cryogenic environment increased the ultimate tensile strength value by a factor

of 1.53 and the tensile yield by 1.46 at 30°R in this alloy. The Fty/Ft u ratio showed
a moderate reduction from 0.94 to 0.89 while elongation was reduced from eleven
percent to six percent.

The test results for the specimens tested at 30°R after an exposure of 1 x 10 |7 nvt (fast)
showed a slight reduction in both ultimate tensile strength and tensile yield strength
(x 0.92 and x 0.98 respectively) with little change in elongation as a result of irradia-

tion. However, the scatter in test data indicated by the bias range in Figure 21

makes the validity of these reductions in mean value questionable.

The photomicrographs shown in Figure C 9 show no significant structural changes. The

surface recrystallization observed in the material pedigree sample was removed during

specimen fabrication and thus had no effect on test results. Any apparent difference
is attributable to variations in polishing and etching techniques.

6.1.5.2 Aluminum 7178 - T651

The cryogenic effect on this alloy resulted in an increase of ultimate tensile strength by

a factor of 1.47 and of tensile yield by 1.34. The drop in Fty/Ft u ratio from 0.92 to
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0.83 was not accompanied by an appreciable change in elongation.

Tests on the specimens at 30°R after irradiation to 1 x 1017 nvt (fast) showed a

probable increase in mean ultimate tensile strength (x 1.04) and a significant in-

crease in tensile yield strength (x 1.12). The increase in Fty/Ftu ratio from 0.83
to 0.90 was accompanied by a decrease from twelve percent to six percent in
elongation. The increase in mean ultimate tensile strength is smaller than the

scatter in test data, as Figure 21 shows, and therefore of questionable significance.

However, the increase in tensile yield strength shown in Figure 21 is statistically

significant.

The photomicrographs shown in Figure C 10 show no significant change in micro-
structure. Any apparent difference is attributable to variations in polishing and

etching technique.

6.1.6 Casting Alloys

Although there is no particular relationship of chemical composition among the three

casHng alloys tested, they are grouped together because of the structural resemb-
lance of castings in general.

All three aluminum casting alloys were gravity-feed cast either in sand molds or

cast iron permanent molds• This casting technique frequently results in the produc-
tion of microscopic voids with a random dlstrlbution or of inter-dendritlc shrinkage

cavities. Both types of discontinuities were observed in the cast materials and are

shown in the photomicrographs in Appendix C, Figures C 11, C 12 and C 13.

Although the presence of discontinuiHes of these types has an adverse and non-
reproducible effect on the mechanical properties, their presence is common in

gravlty-feed castings and the test data for these materials can be considered typical

for these alloys produced using these techniques.

6.1.6.1 Aluminum X250 - T4

This material is primarily an aluminum-magnesium-zinc alloy, sand cast. At 30°R,

the tensile yield strength increased by a factor of 1.5 while the ultimate tensile
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strength was reduced (x 0.88). This increased the Fty,/Ftu ratio by about one third.
The material exhibited nll ductility at 30°R, contrasted with twenty-one percent

elongation at room temperature.

The specimens tested after irradiation at 30°R to 1 x 1017 nvt (fast) showed a slight

decrease (x 0.95) in ultimate tensile strength. No yield was obtainable as the

specimens failed with less than 0.2 percent permanent set.

Photomicrographs shown in Figure C 11 show no structural changes, but provide

evidence of micro-porosity.

6.1 •6.2 Aluminum B750 - T5

This material is primarily an aluminum-tin-nickel alloy cast in permanent molds.
• ' u,hrr_te tensile strength (x I .44) and the tensl IoThe cryogenic effect mcreasea the ' " ...

yield (x 1.29). The slight (from 0.66 to 0.59) ratio change in the Fty/Ftu ratio
was accompanied by a change in elongation from nine percent to seven percent.

Exposure to an irradiation of 1 x 1017 nvt prior to testing increased the tensile

yield strength by a factor of 1.73 while causing only a modest (x 1.08) increase

in ultimate tensile strength. The increase in the Fty/Ftu ratios from 0.59 to 0.94
was accompanied by a drop in elongation from seven percent to three percent.

The photomicrographs shown in Figure C 12, Appendix C, show no significant

structural changes, but do provide evidence of the presence of micro-porosity in

the test specimens.

6.1.6.3 Aluminum A356- T61

This material is an alumlnum-silicon alloy cast in permanent molds. The cryogenic
effects include an increase in ultimate tensile strength (x 1.46) and in tensile yield

strength (x 1.24). The reduction of the Fty/Ftu ratio was accompanied by a sllght
drop in elongation, from fifteen percent to twelve percent.

The specimens tested after irradiation at 30°R showed slight decreases in ultimate

tensile strength (x 0.96) and elongation (to nine percent) coupled with an increase

by a factor of 1.23 in tensile yield strength.
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The photomicrographs shown in Figure C 13, Appendix C, show no structural change
due to irradiation but do reveal inter-dendritic shrinkage.

6.2 TITANIUM ALLOYS

Unlike aluminum, titanium has an isothermal crystallographic phase transformation.
In the pure metal below 1600°F the stable crystallographic form is hexagonal close

packed structure called alpha titanium. Between 1600°F and the melting point at
3130°F, the thermodynamically stable crystallographic structure is body centered

cubic, called beta titanium. The addition of alloying elements will move this

alpha-beta transition to either higher or lower temperatures depending on the ad-
dition elements. Examination of the equilibrium (phase) diagrams for titanium

alloys(20) shows that of the alloying additions in the titanium alloys tested in this

program, aluminum promotes alpha stability and molybdinum, tin and vanadium

promote beta stability.

In many titanium alloy systems, the transformation from the beta phase to alpha
on cooling is accompanied by an eutectoid decomposiHon with the resultant for-

mation of inter-metalllc compounds. This eutectoid reaction is absent in the
TI-AI, Ti-Sn, Ti-Mo and Ti-V alloy systems and, therefore, inter-metalllcs are

not a significant component of any of the alloys included in the screenlncl program.
It is common practice, both in the United States and in other countries(22) to make

a balanced alloy containing both alpha and beta stabilizing elements.

Titanium 55A is a commercially pure titanium grade, Titanium 5% AI-2.5% Sn

contains about twice as much alpha stabilizer as beta stabilizer and the Titanium
8% A1-1% Mo-1% V is heavily alpha stabilized. Therefore, the only material

tested in the program which would be expected to contain a significant beta con-
tent is the annealed Titanium 6% AI-4% V alloy. In practice in the titanium

industry annealing is usually conducted at temperatures considerably below full
solution temperature, so the tendency for retained beta is less in this annealed
material than it would be in the solution treated material prior to aging; however,

almost complete beta transformation should have occurred in the aged 6-4 alloy
during the aging cycle. Therefore, the quantity of retained beta in these materials,

including the Titanium 6% AI-4% V, would be expected to be small. Still, the
rather sharp drop in elongation encountered at 30°R, unirradlated, for all the

alloys except 55A might be indicative of the presence of some bcc beta phase.

Metallographic evaluation of the materials by the manufacturer also indicated
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small amountsof retainedbeta phase.

One of the alloys, Titanium 5% AI-2.5% Sn, was tested at two levels of inter-

stitial content: one produced by normal titanium vacuum melting practice and

one with controlled maxima for carbon, nitrogen, hydrogen and oxygen. Although
oxygen is not truly an interstitial in the sense used by the physicist,(23) its

tendency to cause room temperature brittleness in titanium has been shown and it

is grouped with the actual interstitials in titanium technology.

All the titanium alloys included in the screening program are similar in certain
aspects of their nuclear cryogenic behavior, even though they are of various

compositions and structure and have divergent mechanical properties at room

temperature. Both absolute and percentage changes in the titanium alloys show
less divergency than similar changes in the other three groups of materials.

As is seen in Figures 22 and 25 and Table 5, actual changes due to the cryogenic
or the ' " ' 'comolnea _,.........nuc,ear-cryogenJc environment in ..l_;m,_o tensile stress are

essentially the same, with the exception of the Titanium 5% AI-2.5% Sn alloy
with the extra low interstitial content, indicating an interstitial-neutron inter-

action as a contributing factor in irradiation behavior in titanium alloys• The

Fty/Ftu ratio, rather high in most cases in the titanium alloys, remains essent-
ially constant for the three environmental conditions• This function shows some

reduction due to cryogenic and irradiation environments in unalloyed titanium
(55A/. With a few exceptions, chanQes in the other strength functions are also

essentially the same for all these alloys.

The photomicrographs of the titanium alloys do not show any effects that can be

related to the few small differences between alloys or test conditions that do
exist.

6.2.1 Titanium 55A

This material, commercially pure titanium, was tested in the annealed condltion.

Figures 22 and 25 indicate that at 30°R this material exhibits large cryogenic increases

in the strength functions, with the Ftu and Fty increasing by factors of 2.53 and 2.28
respectively. These changes were accompanied by a slight increase in ductility -

from an elongation of thirty percent at room temperature to thirty-three percent at 30°R.
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Irradiation at 30°R caused small additional increases in strength properties - Ftu

increased by a factor of 1.14, Fty by a factor of 1.08 - with an increase in
ductility, as measured by elongation, to 34 percent•

Titanium 55A is the only one of the titanium alloys tested with a Fty/Ftu ratio at
room temperature less than 0.9. It is also the only titanium to show significant

temperature or irradiation effects on this property; the ratio was 0.80 at room
temperature , 0.72 at 30°R, unirradiated and 0.69 at 30°R after irradiation.

6.2.2 Titanium 5% AI - 2.5% Sn (Standard and Extra Low Interstitial)

This alloy was tested in the annealed condition in both standard commercial grade

and with a controlled level of interstitial and oxygen content• The cryogenic

behavior of the two grades of this alloy is similar. Both the Ftu and Fty for the
two grades are increased by factors ranging from 1.78 to 1.89. The apparent

difference in the elongation values is of dubious significance due to experimental

scatter and the presence of outllers in the two samples with opposite effects on the
arithmetic mean. The interstitial and oxygen content seemed to have a greater

influence on the nuclear cryogenic behavior. The absolute changes induced by
irradiation in Ti 5% AI - 2.5% Sn (Std. I) are more similar to the changes in the

other titanium alloys (with standard interstitial content) than to Ti 5% AI-2.5% Sn

(ELI). The Ftu and Fty showed moderate increases, by a factor of 1.06.

The Ftu value of the Ti 5% AI-2.5% Sn (ELI) showed a real, but very slight, re-

duction after irradiation at 30°R, (x 0.98). The reduction in Fry (x 0.99) is not
significant at the 90 percent confidence level. The apparent increase in elonga-
tion after cryogenic irradiation is based on one specimen, the value of which falls

within the scatter band for the 30°R, unirradiated, sample and is not of significance.

These test results of this alloy indicate that interstitials play some effect in irradia-
tion hardening of the titanium alloys.

6.2.3 Titanium 6% AI - 4% V

This alloy, a heat treatable alpha-beta alloy, was tested in the annealed and in the

solution-treated-and-aged conditions. The cryogenic effects were similar on materials

of both heat treatments. The Fty and Ftu were increased by factors in the range from
1.68 to 1.81 in both cases. This was accompanied by reductions of elongation from

14 percent to 8 percent in the annealed material and from 16 percent to 6 percent in the
aged material.
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The irradiation effect on these two materials was similar to most of the other

titanium alloys, moderate increases by factors ranging from 1.04 to 1.07 in Ftu

and Fry coupled with a small, and possibly not significant, reduction in elonga-
tion.

The scatter evident, in Figure 22, in the annealed material makes the changes

due to irradiation not statistically significant at the ninety percent confidence
level. However, at least some of this scatter could be a measure of random,

non-uniform precipitation of a vanadium rich secondary alpha from a primary
solution of retained beta phase, induced by irradiation. Comparison of the sim-
ilarities between the mechanical properties of the aged material at 30°R without

irradiation and the annealed material at 30°R after irradiation show a similarity
in arithmetic mean which might indicate irradiation effects similar to aging. It

should be borne in mind that annealing and solution treating are not identical in

titanium technology. The difference between the two conditions is more complex
than aging alone. Therefore, a similarity between irradiation aging and thermal

aging may be obscured by other specimen variables.

6.2.4 Titanium 8% AI - 1% Mo - 1% V

This alloy, duplex annealed to prevent beta retention, exhibited behavior similar

to the other alpha titanium standard interstitial materials. The cryogenic strength-

ening was of the same order of magnitude (Ftu x 1.73, Fty x 1.70) as in the other
alloys. Ductility measurements were not obtained after testing at 30°R, unirradiated.

The effect of irradiation at 30°R was, as might have been anticipated from the other

standard alpha alloys, to mildly (x 1.09 and x 1.08) increase the Ftu and Fty values.

6.3 NICKEL ALLOYS

Nickel, occurring near the center of the first long period of the Periodic Chart of

the Elements, has a favorable atomic size for the formation of numerous alloy sys-
tems of both the substitutional and interstitial solid solution type.(23) It is a

face centered cubic metal with no allotropic crystallographic transformation.

One of the nickel alloys tested, Inconel, is a Cr-Fe-Ni alloy which is not harden-
able by heat treatment and was tested in the cold worked condition. One of the
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other nickel alloys, Ren_41 (a Ni-Cr-Co-Mo alloy) is precipitation hardenable
due to addition of Ti-AI-Fe to form inter-metallic compoundsbut was testedin
the solution treated condition. K Monel (a Cu-Ni alloy) and Inconel X (another
Cr-Ni-Fe alloy) alsoare hardenablethroughthe formationof Ti-AI-Fe inter-
metallics andwere testedin the age hardenedcondition.

Examinationof the family of nickel equilibrium (phase)diagrams(20 ) showsthe
major alloying elementto have broadsolubility bands- indeed Cuand Coare
completely isomorphorous- in the nickel rich end. Thisshouldprovide good
structural stability at cryogenic temperatures. However, the fairly high inter-
metallic compoundcontent, in super-saturatedsolution in one caseand appearing
asprecipitates in the others, might be expectedto influence both cryogenic and
irradiation behavior.

Thenickel alloys investigatedhave muchhigher percentagesand a greater variety
of alloying elementsthan the titanium alloys investigated in the screeningprogram
and consequentlyshowa wider divergence in their nuclear-cryogenic behavior.
Theagedalloys (K Monel and Inconel X) showlesseffect of the cryogenic environ-
menton the yield strengththan is shownby the other two alloys but do not showa
correspondingdifference due to irradiation.

Thephotomicrographsfrom thesealloys showno differencesthat canbe related to
the differencesin mechanicalproperties.

A summaryof the test data is shownin Figures22 and25 and in Table 5 .

6.3.1 Ren_41

Rene41 showedthe largestcryogenically induced changesin both absoluteand rela-
tive valuesfor the strength functionsamongthe nickel alloys; Ftuwas increasedby
a factor of 1.49 and Fty by 1.70. Thiswasaccompaniedby an increase in elongation
from flfty-flve percent to sixty percent.

Thismaterial, testedin the solution treated condition, might be expectedto showthe
effectsof irradiation induced precipitation of the TI-AI-Fe inter-metalllc compounds.
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6.3.2 K Monel

This alloy, tested in the age hardened condition, showed cryogenic effects on

strength factors generally similar to Ren_ 41, solution treated, but of a somewhat

smaller magnitude. Ftu increased by a factor of 1.21, and Fry by a factor of
1.24. The elongation increased from twenty-eight percent to thirty-two percent.

The increase in Fty (x 1.14) due to irradiation at 30°R is significant. The duc-
tility parameters were not significantly changed by irradlation.

6.3.3 Inconel

This material, a cold-worked non-heat-treatable alloy, showed absolute and
relative cryogenically induced changes of a magnitude between those of the

solution treated alloy and the precipitation hardened alloys. At 30°R in unlr-

radiated specimens, Ftu was increased by a factor of 1.35, and Fry by 1.34.
Elongation increased from fourteen percent to twenty percent.

Any irradiation induced effects on Ftu and Fty at 30°R, if present, were very
small and obscured by the experimental scatter.

6.3.4 Inconel X

This material, tested in the aged condition, showed a considerably smaller cryo-

genic effect on Fry than the other nickel alloys while the other cryogenic values
remained consistent with the pattern of behavior predictable from the test results

of the other nickel alloys. Ftu increased by a factor of 1.21 while the increase

in Fty was only a factor of 1.06. There is one rather low outlier in yield strength
(126 Ksl as opposed to 4 specimens between 156 Ksi and 160 Ksl) in the five

specimen sample tested at 30°R; however, even if this value were arbltrarlally
dlscardedt this function would be appreciably lower than anticipated. Elonga-
tion increased from twenty-flve percent to thirty-three percent.
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As in the other nickel alloys, scatter affects the statistical significance of the

observed changes due to irradiation at 30°R.

6.4 FERROUS ALLOYS

Iron, like nickel, is a transition element located near the center of the first long

period of the Periodic Table. It also has an atomic size favorable to the forma-
tion of numerous alloy systems.(23) Additionally, elemental iron has two allo-

tropic crystallographic changes. Between the temperatures of 1670°F and
2550°F a face centered cubic lattice is thermodynamically stable. Below 1670°F
and above 2550°F the stable structure is a body centered cubic lattice. The room

temperature stable bcc lattice is called the alpha phase, the intermediate phase
is called gamma, and the phase with high temperature stability is called delta.

(The designation beta was given to the body centered alpha phase at temperatures

above the curie point at a time before the true nature of phase transformations
was understood, and is no longer used.) The lower temperature gamma-alpha

transformation is accompanied by eutectoid decomposition in many iron binary
systems and the presence of small amounts of carbon causes this type of reaction

in many cases where it would not occur under actual binary conditions. This
combination of circumstances make the ferrous alloys among the more complex

of the commonly used alloy systems.

Massive additions of some alloying elements - notably nickel and manganese -

depress the alpha-gamma transformation temperature so that an essentially gamma

structure, metallographically termed austenlte, can be retained at room tempera-
ture. These austenitic steels form a separate group of materials with properties

and property mechanisms not similar to other ferrous alloys since the physical and
structural changes associated with the crystallographic transformation do not

normally occur. However, the stability of the austenite is temperature dependent

and decreases in cryogenic environments. Some austenitic steels, through the
addition of small quantities of alloying elements selected to form desired inter-

metallic compounds, are age hardenable by mechanisms similar to those of the
aluminum and nickel alloys.

Additions of other alloying elements - and of the gamma stabilizers in smaller quanti-
ties - cause major alteration in the nature of the eutectoid reaction during the gamma-

alpha transformation. The alpha iron phase of the dual phase eutectoid can be altered
from body centered cubic (ferrite) to hexagonal close packed or tetragonal (martenslte)
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with a great many intermediate structures obtainable• By appropriate thermal

treatment, the distribution of the inter-metallic compound phase of the eutectoid

can be varied from the lamellar or spheroidal pearlites through accicular super-

saturated or intra-lattice precipitates structures.

For the purposes of this discussion, the materials have been grouped with those

alloys in which the austenitic structure is normally retained at room temperature

in one group and those where a non-austenitic structure is desired at normal temp-
eratures in another.

A summary of the test data is given in Figures 23 and 26 and Table 6.

6.4.1 Austenitic Steels

The austenitic steels fall naturally into two classes: those which are not

heat treatable, and those which - through the addition of relatively small but sig-
nificant quantities of alloying elements - can be thermally hardened by the precip-
".J.__s.'____ _£ "-_-L ..... L- II" - • I I I • • I

,,u_nun oT ,nrer-meran,,¢ compounds. The testing program nncluaea four marernans
of the first class; AISI Type 304, AISI Type 310, AISI Type 347 and Austenltlc

Manganese Steel T-450. The first three of this class are high chromium-nlckel
stainless steels• T-450 contains less than 4 percent chromium and is not a stainless

grade; it was developed especially for cryogenic applications. All four of these

alloys were tested in the annealed condition• The program also included one steel
of the second class; Type A 286 which contains titanium, vanadium and aluminum

to provide the precipitating action. This material was tested in two heat treated

conditions, the significant varient being in the temperature of solution treatment.

The mechanical properties of austenitic steels at cryogenic temperatures are gov-
erned by two structural configurations; the original austenitic face-centered cubic

lattice and martensite formed from that lattice during deformation at cryogenic

temperatures through the absorption of transformation energy from the applied load.
The major cryogenic hardening effect in the original austenitlc grains is due to the

change in energy required to produce stacking faults during deformation. In face-

centered cubic materials, a stacking fault may be considered as a sub-microscopic
region bounded by partial dislocations and acting as an extended dislocation. The

width of the sub-structure, a function of stacking fault energy, influences the
rate of strain hardening. The second hardening effect is a function of the transfor-

mation of austenlte, meta-stable at cryogenic temperatures, to martensite. The

initial martensite transformation product seems to be a hexagonal close packed

structure which, with the absorption of additional energy, is transformed in part to
a body-centered tetragonal structure.(24) The principal locus of transformation
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would be expected to occur in the grain boundary area where the transition layer

of atoms have less thermodynamic stability. This cryogenic hardening effect is

reduced in the age hardenable austenites by the initial lattice distortion caused

by the presence of inter-metallic precipitates. Otherwise, it bears a direct re-

lationship to low temperature austenitic stability.

The rather violent stress fluctuations frequently reported(I) for these materials

during plastic behavior were observed but, unfortunately, could not be recorded

as functions of strain due to equipment limitations discussed in Section 4.

The effects induced on these materials at exposures of 1 x 1017 nvt (E_> 0.5 Mev),

except for changes in Fty , were minor compared to the effects of cryogenic temp-
eratures alone. Effects observed were not sufficiently uniform enough for inclusion
in a general discussion and are mentioned in the individual discussion of each class

of alloy.

6.4.1.1 Chromium-Nickel Austenitic Stainless Steels, AISI Type 304, 310 and 347

These materials are structurally very similar. They were all tested in the annealed
condition, water quenched from 1900°F to insure maximum austenitic retention at

room temperature. The structure in each steel is, essentially, a interstitial solid
solution of carbon in highly alloyed gamma iron. On the basis of chemical analysis,

310 would be expected to have the greatest low temperature austenitic stability,
304 the least.

The cryogenic effect on the Ftu of these alloys is practically identical. Reference
to Figures 16 and 19 shows that both absolute and ratio changes are in good agree-

ment, with changes in Ftu by factors of about 2.5. This change seems to be inde-

pendent of austenitic stability.

The cryogenic effect on Fty, on the other hand, is not nearly as uniform within the
group. The increase in Fty of 304 (x 1.07") was very slight. The increase in Fty
of 347 (x 1.19)was more pronounced and the increase in this function in 310 (x 2.2)

approaches the magnitude of the cryogenic effect on the Ftu for this material. The

increase in austenitic stability, in 347 over 304 is predictably slight, being based
on an increased nickel content of less than 2 percent (by weight) and an increased

The sample lot of five specimens tested at 30°R contained one abnormally low

value included in the average. Four Fty values fell between 40 ks| and 47
ksi and one specimen was reported at 25.4 ksi. However, even if this speci-
men were arbitrarily excluded this ratio would be 1.17 and the same general

reasoning would apply.
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manganese content of less than 1 percent. The austenitlc stability of 310, however,

should be greatly increased over that of 304 since the 310 contains 20.7 percent

nickel, over twice as much as the 304. Thus, the cryogenic effect on the Fty is
clearly dependent on austenltlc stability.

In the relatively unstable austenites, the major portion of the cryogenic hardening

effect occurs during plastic deformation. This is substantiated by the curves in
Figure 28. This figure shows the elastic and early plastic portions of the stress-
strain curves for 304 at the three environmental condltlons. As the difference of

slope of the curved segment from the linear modulus slope curve to the 0.2 percent
offset strain line shows, the stress required to impart a given strain in this area

increases at 30°R by about a factor of 3. This indicates that the increase in yield
strength as determined by the 0.2 percent offset method is largely a product of strain

hardening during plastic, not elastic, deformation. This is borne out by other param-
eters. The elongation in 304 dropped from 76 percent to 34 percent at 30°R, 347

from 60 percent to 41 percent, 310 remained constant at 43 percent. The Fty/Ftu
IUIIU of _/_Aoue went from ._n L_ n _,_0.07 ru O. 16, 347 from 0.46 to 310 from r_ -_A __ n ,:_VelJ'I " IU UoUJ.VeL/-,

The observed very small cryogenic effect on the elastic behavior of the chromium-

nickel austenites indicates that the phase transformation hardening mechanisms earlier

discussed provides a major contribution to the total cryogenic hardening of these

alloys. With increased austenitlc stability, the change in energy required to produce

stacking faults in the fcc lattice would appear to be of greater importance in the
total effect.

All three alloys show increases in Ftu as a result of irradiation at 30°R; 304 by a
factor of 1.07, 347 by 1.06, 310 by 1.03. However, scatter in the test data, as

shown in Figure 16, make this effect of questionable validity. Both 304 and 347

show "real" increases in Fty after irradiation at 30°R, by factors of 1.31 and 1.23
respectively but 310 does not show a similar increase. There was no change of
elongation due to irradiation for any of the chromium-nlckel austenltes observable

within the limits of experimental accuracy. The irradiation induced changes in the

Ft. in 304 and 347, greater both as absolute values and as ratios than the cryogenicY
changes in that function, appear to be of real significance. This, coupled with

increases in the Fty/Ftu ratio, in 304 from 0.16 to 0.20 and in 347 from 0.22 to

0.26, indicate an important change in behavior in the late elastic, early plastic

region of the stress-strain curve. Examination of Figure 28 verifies this. The slope
of the curve for 30°R, irradiated material, is much greater at the onset of plastic
flow, but after about .004 in/in, total strain, the stress-straln ratios for the two

curves appear to be approaching equality. This would indicate the possibility of
some irradiation induced phase transformation with a hardening effect similar to
that described above as a model of cryogenic hardenlng.
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No metal lographic changes attributable either to cryogenic or nuclear-cryogenic

exposure were observed in the photomicrographs presented in Appendix C.

6.4.1.2 Austenitic Manganese Steel T-450

This steel contains manganese (nominally 19 percent) as the primary austenizing

agent with minor additions of nickel, copper, chromium and nitrogen to increase

the low temperature austenitic stability. This material was tested in the annealed
condition, water quenched from 1850°F to ensure maximum austenite retention at

room temperature. The structure is essentially an interstitial solid solution of carbon

(0.15 percent by weight) and nitrogen in a gamma iron-manganese solid solution

containing appreciable substitutional solute atoms of chromium, nickel and copper.
It is an experimental alloy, devised for cryogenic applications, and has no broad
testing or engineering history. Unlike the other austenitic steels tested in this

program, it is not a corrosion resisting grade.

The cryogenic effect on the Ftu, both absolute and as a ratio, was less than for the
chromium-nickel austenites. However, the cryogenic effect on the Ftu , an increase

by a factor of 1.65 is not negligible. A marked difference in cryogenic behavior
between T-450 and the 300 series stainless steels, discussed in Section 6.4.1.1, is

the change in the Fry. In T-450 the yield strength increased some 78 ksi in absolute

units and by a factor of 2.36 of the room temperature value. The Fty/Ftu ratio
jumped from 0.32 to 0.46 and the elongation dropped from 70 percent to 31 percent.

T-450, alone among the austenitlc steels tested, shows an increase of the Fty/Ftu
ratio at 30°R. This indicates a different mode of cryogenic hardening. It seems
probable that the manganese austenite undergoes major transformation hardening

during elastic straining. This model is confirmed metallographically in Figure C29,

Appendix C. The specimens tested at 30°R, both unirradiated and irradiated, show
a much greater degree of grain distortion indicative of the generation of hexagonal

and tetragonal martensite along the austenitic lattice planes, than in the material

tested at room temperature. The evidence of this transformation is as great at the
gage mark as at the fracture, indicating that it occurred at relatively low strain
rates.

No significant radiation induced changes either in mechanical properties or micro-
structure were observed.
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6.4.1.3 Type A 286 Stainless Steel

The structure of this age hardening super alloy is dependent on thermal history. It
was tested in two different heat treatment conditions; in conformance with AMS 5735
and AMS 5737. (25) The difference in the heat treatments is best shown by quotation

from the applicable specifications:

. AMS 5735 D, Section 6.1.1

"Heat Treatment: The product shall be solution heat

treated by heating to 1800°F + 25, holding at heat for

1 hr, and quenching in oil or water, and shall then be
precipitation heat treated by heating to no lower than

1300°F but not higher than 1400°F, holding at heat for

16 hr, and air coollng."

• AMS 5737 B, Section 6.1.1

"Heat Treatment: The product shall be annealed by
heating to 1650°F + 25, holding at heat for 2 hr, and

quenching in oil, or water, and shall then be precipita-
tion heat treated by heating to 1325°F +- 25, holding

at heat for 16 hr, and air cooling."

The original heat treatment, AMS 5735 was altered by AMS 5737 in an effort to im-
prove high temperature properties, particularly creep at around 1000°F. The structure

after either heat treatment is austen|te with prec|pitated inter-metallics, but the
distribution and size of the precipitates may vary between heat treatment methods.

At 30°R, the AMS 5735 material shows an increase in Ftu (x 1.51) and in Fty (x 1.33).
This is accompanied by an increase in elongation from 26 percent to 34 percent. The

Fty/Ftu ratio drops from 0.72 to 0.64. Under the same conditions, the AMS 5737
material shows increases in Ftu (x 1.39) and in Fty (x 1.17) and an increase in elonga-
tion from 24 percent to 32 percent and the Fty/Ftu ratio dropped from 0.78 to 0.66.
While the absolute values of the strength functions are somewhat higher for the AMS

5737, the difference decreases at low temperatures. For example, the Fty of AMS
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5737 is about 20 percent higher at room temperature, the difference is only about
5 percent at 30°R. It would appear that the heat treatment of AMS 5737 has less

effect on low temperature properties than on high temperature properties.

No significant metallographic changes were observed in the photomicrographs
shown in Appendix C.

6.4.2 Non-Austenitic Steels

As may be expected when materials are grouped on the basis of not being something
else, there is not much in common structurally or chemically among the non-

austenltic steels. The structures of these alloys are all more complex than the aus-
teni tes.

At first glance, AM 350 and 17-7 PH appear clearly related due to the similarity
of mechanical properties and chemical composition. They are both proprietary
stainless steels capable of developing high tensile strengths through heat treatment

and are sometimes classified as super alloys. Both contain about 16 1/2 percent Cr
and about 7 percent other major alloy additions. However, 17-7 PH contains 7 per-

cent Ni, a strong gamma stabilizer. AM 350 has a nominal 4.3 percent Ni balanced
with a nominal 2.75 percent Mo, which has a gamma loop type equilibrium (phase)

system with iron. There is sufficient structural dissimilarity between these materials
to warrant separate discussions.

ASTM A 353 steel has a high nickel ferrite-pearllte structure with no particular
similarity to any other material in the test program.

Type 440C stainless is a fully martensitic structure with massive undissolved carbides,
and is dissimilar structurally to the other materials.

6.4.2.1 AM 350 Stainless Steel (SCT)

This material is a proprietary alloy, developed by the Allegheny-Ludlum Steel Corp-
oration. The chemical composition has been carefully balanced with constituents

to stabilize each crystallographic phase of iron. This was done to allow precise
crystallographic control through heat treatment. Since the thermal history of AM

350 is of great structural significance, that received by this lot of material will be
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reviewed in some detail. In the as-rolled condition, AM 350 contains about 10

percent delta ferrite (the bcc phase stable in elemental iron only above 1400°C)
finely dispersed in an austenitic matrix. The initial stage in the final heat treat-

ment cycle consisted of holding at 1750°F for one hour to cause the precipitation
of carbides at the austenite-ferrite interfaces. The material was water quenched
from 1750°F and the austenite-ferrite structure was retained. Since AM 350 has

a M s temperature (the temperature at which the austenite-martensite transforma-
tion begins) near room temperature, the material was then held at -100°F for three
hours to ensure maximum martensite formatlon. The martensite was tempered for

three hours at 850°F to provide the maximum strength consistent with adequate
ductility. Tempering martensite at this temperature range forms a supersaturated

solid solution of carbon in alpha iron of non-uniform concentration. As the con-
centration of carbon atoms in the martensite structure is reduced, the tetragonal

distortion of the structure is reduced and the crystal more nearly approaches the

bcc cubic form of alpha iron. The final structure of tempered martenslte is com-

plex, consisting of mixed tetragonal and cubic lattice, both body centered, of
differing degrees of distortlon, randomally dispersed interstitial carbon atoms and

highly dispersed complex chromium-iron carbides, such as _(Cr, Fe)7 C3_ and

[- (Cr, Fe)23 C6_°

AM 350 showed increases in Ftu and Ft. at 30°R, by factors of 1.71 and 1.78
respectively. It developed a degree ofTcryogenic embrlttlement shown by the re-

duction of elongation from 19 percent to 11 percent. A sharp reduction of stress

level, similar in appearance to an upper yield point, is observable in the stress-
strain curves of this material tested at 30°R, presented as Figure D 5 of Appendix
D.

Irradiation at cryogenic temperatures has an adverse effect on this material. As

can be seen from Figure 46 and Table 5, most functions are reduced by exposure
to 1 x 1017 nvt (E>0.5 Mev) at 30°R. The net changes in Ftu (x 0.92) and

_y (x 0.93) seem minor and the change in Fty is not of statistical significance at
ne chosen confidence level (90 percent). However, the elongation dropped

from 11 percent to 7 percent and the Ftun/Ftu ratio dropped from 0.79 to 0.47
and there was a large and significant reduction in absolute tensile notch strength.

The apparent "upper yield" is observable in the stress-strain curve at this environ-
ment also.

The photomicrographs shown in Figure C 30 of Appendix C confirm the presence

of radiation damage through the shape of the fracture and its transgrannular nature
but offer no clue to the mechanism.
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6.4.2.2 Type 17-7 PH Steel (RH 950)

This material is a proprietary alloy developed by the Armco Steel Company. The
composition is near that of the austenitlc stainless steels and it is sometimes referred

to as "seml-austenitic." The RH 950 heat treatment consists of rapid cooling from
1750°F, holding at -100°F and reheating to 950°F. The resultant micro-structure

is accicular and resembles martenslte metallographically. The manufacturer's

llterature(26) states that its nature as a true martenslte has not been confirmed by

X-ray diffraction methods. This pseudo-martensite contains submicroscopic pre-
cipitates of complex chromlum-iron-carbides and chromium-aluminum inter-metallic

compounds, such as CrAI7 and Cr2AI11.

Type 17-7 PH showed severe cryogenic embrittlement. The elongation dropped from

14 percent to an unmeasurable low figure. Howeveru a small degree of plastic be-
havlor is observable on the stress-straln curve, presented in Figure D 5 of Appendix

D, by the deviation of the curve from the modulus slope. The Ftun/Ftu ratio dropped
from above unity to 0.55, and there was a reduction in the absolute Ftun value by

a factor of 0.68. The Ftu and Fty both increased by factors of 1.43 and 1.46
respectlvely.

Type 17-7 PH Steel also showed a serious reduction in mechanical properties due to

irradiation at 30°R. After exposure to 1 x 1017 nvt (E>0.5 Mev), both the Ftu and
the Fry were reduced about 0.75. Elongation was again unmeasurably small but
observable on the stress-strain curve.

6.4.2.3 ASTM A 353 Steel

This material, a standard ASTM low carbon nickel alloy steel used principally for the
construction of ASME Code Pressure Vessels, was tested in the normalized condition.

The post-fabrication heat treatment consisted of austenlzlng at 1650°F, cooling in
still air, reheating to 1450°F and cooling in cool air. This treatment results in

eutectoid decomposltlon. The eutectoid, fine lamallar pearllte, consists of alter-

nate layers of Fe3C and a high nickel substitutional solid solution in alpha iron

ferrite. Since nickel is not a carbide forming alloying element in steel, all the
nickel atoms are randomly dispersed in both the eutectoid ferrlte and in the free

ferrlte. Due to the inherent lack of close control of cooling rates during air cooling,
the inter-lamallar spacing and the free ferrlte distribution are non-uniform.
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The presence of an appreciable population of solute nickel atoms improves the
cryogenic behavior of the bcc iron structure. This is shown by the cryogenic in-

crease in Ftu (x 1.82) and in Fty (x 1.97). The elongation dropped from 25 per-
cent to 18 percent. However, nothing similar to the catastrophic loss of ductility
frequently observed( 1) in alpha phase steels occurred°

Test specimens irradiated to 1 x 1017 nvt (E_ 0.5 Mev) showed moderate increases

in Ftu and Fty , by factors of 1.07 and 1.09 respectively. This was accompanied
by a small (from 18 percent to 16 percent) reduction in the mean of the elongation
after irradiation but the range of test values for the two conditions overlap.

6.4.2.4 AISI Type 440C Stainless Steel

This material, a high-chromlum high-carbon grade, was tested in the fully hardened

condition. The heat treatment consisted, after mill annealing, of austenlzlng in

a neutral salt bath at 1925°C, oil quenching, cooling to -100°F and tempering at
350°F. Although the range of the major alloying constituent, Chromium, in 440C
is of the same order as in AM 350 and 17-7 PH, the structural formation is governed

by a somewhat different mechanism. The chromium-iron equilibrium (phase)
dlagram_ (20) naturally, has a profound influence on the equilibrium structure of

all three alloys. This system is a relatively simple gamma loop. However, the
addition of appreciable carbon content considerably complicates the phase behav-

ior of chromium-lron alloys. Since chromium has strong carbide forming tendencies
and also seriously limits the solubility of carbon in austenlte, even the equilibrium
behavior of chromium-iron-carbon alloys is complex. This is demonstrated by the

1.0 percent carbon section of the chromium-iron'-carbon ternary system. (20}

The structure of 440C after the hardening treatment received by the test specimens

is martensitlc with randomly dispersed massive complex chromium carbides containing

dissolved iron, such as E (Cr, Fe)7 C 3 ] and r (Cr, Fe)23 C6- _ . Due to the
low tempering temperature, probably little of the body centered tetragonal marten-

site has reverted to the cubic structure. It is extremely hard (Rc 60). This structure

is rather brittle at room temperature and the ductility, as measured by elongation,
was nil in all three test conditions. However, both cryogenic and nuclear-cryogenic

environments appear to increase the already severe brittle behavior. Although the

plastic deformation was not large enough to measure on the failed specimens, the
stress-strain curve shown in Figure 29, indicates plastic behavior at room temperature

by deviation from linearity. The curves for specimens tested at 30°R, unirradiated
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and irradiated, do not show any indication of plasticity. The embrittlement due
to cryogenic environment is confirmed metal lographically. Metal lographic

examination also indicates a further embrittlement caused by irradiation at cryo-

genic temperatures. The photomicrographs, shown in Figure C 33, Appendix C,
show the extreme brlttleness of this material at all test conditions by the presence

of independent systems of small cracks in the fracture zone and by branching of
the fracture face. However, an increase in brittleness is indicated in the photo-

micrograph of the fracture area in the 30°R, unlrradlated, specimen by the more

highly transgrannular path of crack propagation. In the photomicrograph of the
30°R, 1 x 1017 nvt speclmen showing the fracture face, it can be seen in the

upper right corner that the crack propagated transgrannularly through carbide par-

ticles, indicatlng an extremely brittle matrlx. This photograph is a composite to
show, in one print, both carbide banding, typical of materials with low carbon

solubility in the austenitic phase, and the fracture path through the carbide
constituent. The white division between the two segments represents a physical

separation of about 0.002 inch.

The scatter in the test data, indicated in Figure 23, is not unexpected in extremely

brittle materials. Localized high stresses, caused by inhomogeneties in the material,
cannot be relieved by energy absorption through localized plastic flow before the

stress level approaches the cohesive strength of the material. If the cohesive strength
is exceeded, a sub-microscopic crack is initiated. Since the energy required for

crack propagation is somewhat less than that required for crack formation, failure

would occur at a load level less than the anticipated macroscopic Ftu.

All tensile functions deteriorate in a cryogenic environment, the Ftu dropped by a
factor of 0.83. A reduction in Ftun,/Ftu from 0.69 to 0.41 was accompanied by a
reduction in the absolute value of the Ftun by a factor of 0.50.

Irradiation at 30°R caused further deterioration in mechanical properties. The speci-
mens tested after irradiation showed an additional reduction of ultimate tensile strength

of the same order of magnitude as the cryogenic effect.
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7 QUALITATIVE INTERPRETATION OF CERTAIN TEST RESULTS

Some of the test results may be interpreted in view of the physical metallurgy of

the tested alloys discussed in Section 6 and known plastic deformation, cryogenic,

nuclear and nuclear cryogenic effects that occur in metals and alloys generally.

The purpose of such an interpretation would be to help meet the secondary objec-
tive of the screening program, as mentioned in the introduction, which was to

formulate models of low temperature irradiation effects in the more simple materials
and to allow prediction of such effects in various structural alloys at other test con-
ditions.

A possible approach is to indicate any correspondence that exists between the fund-

amental physical characteristics of the alloys and the real cryogenic and nuclear

cryogenic effects that are seen in the test results (Section 5). Such correspondence
even at the low integrated flux (1017 nvt > 0.5 Mev neutrons) would increase the

opportunity to extrapolate these results to higher fluxes, to other alloy compositions,
or to other test or alloy conditions. This correspondence has been pointed out for
various cases in Section 6.

The scope of any further interpretation must be limited to discussion in terms of the

generally accepted cryogenic and nuclear irradiation phenomena in metals and

alloys and to the discussion of real changes in the strength values and appreciable
changes in the elongation (ductility) of the more simple materials.

For the most part the structure and composition of the alloys investigated inthe pro-

gramare much more complex than those that have yielded the widely accepted views
of plastic deformation and cryogenic and irradiation effects and there is danger of

too liberally interpretating the test results, even those from the relatively simple
materials (Aluminum 1099 and Titanium 55A).

7.1 BACKGROUND

Fundamental to any explanation of plastic deformation is the dislocation, which may
be thought of in its simplest form (an edge dislocation) as an extrapartlal plane of

atoms between two full planes of atoms in a crystal lattice. Dislocations actually

take many forms within a crystalllte (grain) and exist in abundance. The grain
boundaries may be considered as arrays of dislocations. Dislocations can be gene-
rated in the process of plastic deformation; they also can be annihilated.
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Thedegreeto which a dislocation or groupsof dislocationscan overcomeobsta-
cles andmovewithin a crystallite, the degreeto which the motion can be trans-
ferred to dislocations in adjoining planes, and the degreeto which a crystallite
(grain) canslip on morethan one planeall combineto determinethe mechanical
propertiesof a material. An obstaclefor dislocation motion _sany thing that
causesa stressfield in the lattice such as a "foreign" atom (interstitial or sub-

stitutional), a vacancy, a precipitate of "foreign" atoms or inter-metallics.

The complexity of dislocation arrays in most metals and alloys requires that

moving dlslocations intersect with other dislocations. This presents an obstacle
which must be overcome by the generation of vacancies or interstitials by the

moving dislocation. In most cases there would be a preference for generating

vacancies since less energy is required to form a vacancy than to form an inter-
stitial. The total number of planes on which dislocations can move is dependent

on the lattice structure and the crystallite orientations. There is more choice in

a cubic lattice than in a hexagonal lattice. Because of this, slip in hexagonal
lattices is more laminar (less turbulent} than in cubic lattices. Fcc lattices and
bcc lattices also show different characteristics due to relative ease wlth which

interstitials and vacancies can be formed in the lattice. Furthermore the type of

dislocation and stacking fault and the transfer of energy from one sllp plane to
adjoining planes will vary from fcc to bcc structure.

The yield strength of a material depends primarily on the ease of initiating dis-

location motion by overcoming obstacles such as impurity atoms or precipitates.

It should be noted that the 0.2 percent offset yield strength is an arbitrary eng-

ineering parameter and is not a true measure of the initiation of slip and therefore
is not the most desirable measurement for the purpose of interpretation.

As deformation proceeds the array of dislocations and generated defects becomes

more dense and more complex, and the grain boundaries become less important as
obstacles to dislocation motion. The ultimate strength depends on the work

hardenabillty of the material, which is the rate at which resistance to dislocation

motion (sllp) develops. Ductility as measured by elongation is related to the ease
of dislocation motion as well as the number of dislocation sources.

A notch in the tensile specimen surface changes the loading at the base of the

notch from uniaxlal to trlaxlal. Fundamentally, an increase in notch strength

would be an indication of the ability of the crystallites to sllp on a number of
planes simultaneously.
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Fast neutron irradiation of a metal or alloy lattice knocks atoms (knock-ons)
out of the lattice• These knock-ons in turn knock other atoms out of the lattice

with a resulting distribution of vacancies and interstitials. (27) At room temp-

erature these vacancies and interstitials have sufficient energy to diffuse. With-
in a crystal they may diffuse to a dislocation and act as deterrents to dislocation

motion, and the vacancies can coagulate to form dislocation loops(28) which may

act as new sources of dislocations on the application of stress.

The presence of vacancies and interstitlals within a alloy lattice can aid any phase
change or precipitation that tends to occur.

Not so well understood are other phenomena which may occur in alloy lattices under
fast neutron irradiation. The existance of a thermal spike has been postulated (29)at

the end of every primary knock-on path in materials (depending on atomic masses
and ionic radii) where the mean free path of the knock-on is of the same order of

magnitude as the unit lattice and where the energy dissipated is concentrated in a

region small enough to raise the temperature above the melting point of the material.

This results in regions within the irradiated crystallite which have been effectively
melted (under pressure of the surrounding lattice) and quenched leaving a complex

array of vacancies, interstitials and probably more complex defects. Similarly,

and mo_ _enerally accepted, at least for metals, is the concept of a displacement
spike( _u )consisting of a heavily damaged region with a central region from which

many atoms have been displaced, resulting in a cluster of vacancies surrounded by
a volume containing many interstitials.

Long range displacements of atoms within irradiated crystallites have also been
postulated( 31 )as focusing collisions resulting from an atom being struck at such an

angle that its momentum is transferred along the lattice in a preferred crystallographic
direction without actual atomic displacement. A distortion in the lattice in the form

of dislocations, foreign atoms and grain boundaries interrupts the propogation of

movement and causes a displacement many atomic distances from the initial impact.
Similarly, an extra atom in a row of atoms can be generated and displaced in certain
crystal Iographic dlrections.

Channeling of knocked-on atoms at relatively low energies (in the ionized state) has
also been postulated, (32) and in an alloy such channeling would occur more often

with the atoms of small ionic radius than with those of large radius• Light atoms

generally would be preferentially displaced, conceivably being thus concentrated

in regions of high lattice distortions - as near an existing precipitate, dislocation,
grain boundary or vacancy cluster. They may, in such a way, accelerate(33)

precipitation phenomena or retard such phenomena (34) depending on the precipita-

tion process involved, the atom which is preferentially displaced, etc.
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Interstitials already existing in a lattice may be assumed to be preferentially dis-

placed and coagulated to some degree by irradiation. Since they already exist

they do not require energy for formation and in the case of certain interstitials
like carbon (small ionic radii) have low activation energies for motion.

Data from various( 35 ) experiments on irradiation effects in metals and alloys at

room temperatures yield the following conclusions that might be applied to interp-
retation of the screening program data:

Fty and Ftu increase in annealed materials and increase
to a lesser degree in cold worked materials. Percentage

increases in Ftu are generally lower than in Fty.

Elongation decreases in annealed materials and decreases
somewhat less in cold worked materials.

Work hardenability decreases.

Nil-ductility transition temperatures of non-austenitic
steel materials increase.

All results are affected by grain size and impurity concen-
tration.

Irradiating a material at cryogenic temperatures obviously will alter the effects of

neutron irradiation as well as change the deformation characteristics on deforming
prior to warm up° Some of the phenomena associated w|th neutron irradiation will

occur at any temperature because the energy available from the incident neutron

is large with respect to the thermal energy of the atoms in the lattice. The more
obvious differences in such phenomena are caused by limited energy available for

diffusion processes, and therefore an altogether dlfferent distribution of vacancies
and interstitials is to be expected after irradiation at cryogenic temperatures from

that resulting from irradiation at room temperature. The number of vacancies and
interstitials generated by a neutron hit can be assumed to be independent of temp-

erature, whereas the diffusion of these defects is temperature dependent.
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Any such phenomenon as a thermal spike, displacement spike, focusing collision,

channeling or preferential displacement resulting from neutron hits would depend
to some extent on the temperature. The reduced compressibility of the lattice at

low temperatures would alter a thermal spike, and reduced thermal agitation of the

atoms would obviously improve the chances for focusing, channeling and prefer-

ential displacement.

7.2 INTERPRETATION

Discussion of certain of the unexpected cryogenic and nuclear effects observed in

the screening program which are of fundamental interest, rather than of interest

to design engineers follows.

The decrease in Fty of Aluminum 1099 at 30°R was unexpected. Even though the
material is cold worked to some extent it can be assumed that dislocations are

relatively free to move in this material. It can be pointed out that in a pure

metal face centered cubic single crystal, the yield strength is not dependent on
temperature• Also, the 0.2 percent offset method of determining the yield stress

gives values that are only approximately in proportion to the strain at which devia-

tion from the linear portion of the stress-strain curve occurs. Aluminum 1099 showed

a real increase in Ftu with irradiation. The effects of annealing during tests on Ftu

and Fty indicate that the radiation induced defects diffused to grain boundaries
rather than to dislocations or into clusters in such a manner as to act as barriers to

dislocation motion. The effects of pre-stressing indicate that the increase in dislo-

cation density or deformation induced defects effectively reduces the ability of

radiation induced defects to pin the dislocations, possibly due to some mutual anni-

hilation. The presence of mechanical twinning in the specimens tested at 30°R,
OP indicate that the intragranular critical shear stress has been exceeded at stress

levels below that required for macroscopic plastic behavlor. The absence of

twinning in the 30°R, IP specimens indicates sufficient neutron and knock-on inter-

action with atoms to cause a significant increase in intragranular critical shear stress.

Aluminum 7178 and 7079 are remarkably different in their changes due to irradiation.

The 7178 alloy has a higher concentration of copper and zinc, which are both pre-

cipltates. It appears that the 7079 alloy is possibly reduced in ultimate tensile
strength while the Aluminum 7178 is probably increased. Aluminum 7178 exhibits

a real increase in tensile yield strength while there is no effect on the yield strength

in Aluminum 7079. In this respect, 7178 is more like the 5000 series Aluminum alloys
(non heat treatable) than it is like 7079. Large decreases in elongation in 7178 with

irradiation even with respect to other aluminum alloys is similar to Aluminum B 750 in

119



q

this respect. Precipitation phenomena are involved here and the higher concen-
tration of the inter-metallic precipitates in Aluminum 7178 can account for these
differences.

The differences in behavior of Titanium 5% AI - 2.5% Sn (ELI) and (Std. I) deserve

particular attention. The standard interstitial is more similar to other titanium
alloys (with standard interstitial content) than to the Titanium 5% AI - 2.5% Sn

(ELI). The only statistically significant difference between these two groups of
materials is in the tensile notch strength; the extra low interstitial materials

having a higher notch strength at 30°R than the standard interstitial material and
less effect of irradiation than the standard interstitial material. Also, there is

probably less total effect on the strength values in the extra low interstitial material
than in the standard materialo It must be concluded that the removal of interstitials,

including oxygen as well as carbon, hydrogen and nitrogen, reduced the effect of
irradiation at cryogenic temperatures. This can be interpreted in terms of the pref-

erential displacements described earlier (Section 7.1).

Ren_ 41 and Inconel X exhibit similar irradiation effects with real decreases in Ftu n

and possible increases in Fty. The K Monel showed real increases in Fty and less

than a probable change in Ftu. It is possible that material fully aged by
thermal treatment would show further increases in strength functions due to irradia-

tion. The net irradiation effect on the precipitate distribution is unpredictable,

and the irradiation induced point defects act to restrain dislocation motion between

the precipitates. Inconel X showed only a probable increase in Fty at cryogenic
temperatures, which is conceivably associated with an over-aging phenomena with

the precipitate phase being incoherent with the parent lattice. It should be noted
that this is essentially a high temperature material being tested in a low temperature
envlronment.

Two A 286 stainless steel precipitate type alloys with differing heat treatments (AMS

5735 and AMS 5737) show a difference in sign in changes of Ftu n due to irradiation°
The differences in heat treatment are described in Section 6.4.1.3. Regardless of

how particle size distribution will effect the tensile notch strength, there is undoubt-

edly a difference between the two heat treatments with respect to precipitate particle
size and distribution of particles as indicated by the higher strengths in the A 286
(AMS 5737). It is conceivable that there is a critical precipitate particle size above
which neutron irradiation might cause an additional growth and below which irradia-

tion would cause resolution since this is the aging process believed to occur naturally

in some precipitate alloys.
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EVALUATION OF TESTRESULTSAS DESIGNCRITERIA

The changes in strength functions resulting from cryogenic and nuclear-cryogenlc

environments are shown in the figures presented in Section 5.1. Figures 21, 22
and 23 show the changes in absolute values; Figures 24, 25 and 26 show the net

changes as indicated by the 30 ° out-of-pile/30 ° in-pile ratios and initial room

temperature values. A tabular review of all test results, based on the arithmetic

means of sample lots is given in Tables 4_ 5 and 6, also appearing in Section

5.1. The raw data obtained in the testing program is presented as Appendix B.

Since achieving the required structural strength with a minimum weight is one of
the major problems of designers of aerospace equipment, the materials in this

testing program have been listed in Figure 30 using an order of merit based on
the strength to weight ratlo.

Since the ratio between the yield and ultimate tensile strengths (Fty/Ftu) ranges
from less than 0.20 to over 0.95 in the materials tested in this program, it was

felt that a strength-welght ratio based on yield strength would be of more pract-
ical design use than one based on ultimate tensile strength.

Therefore, the figure of merit used as the basis for Figure 30 is the tensile yield

strength at 30°R after irradiation to 1 x 1017 nvt (E_> 0.5 Mev), divided by the
density of the alloy in Ibs/in3 at room temperature. Values are also given for

the yield strength divided by density (Fty/d) for each material at the other test
conditions.

Due to the non-homogeneous nature of materials manufactured by commercial
methods, the relative positions of the several alloys are not absolute. The ranges

of values of this function might be expected to overlap for materials in adjacent
locations, and these materialst for practical purposest may be considered equiv-
alent. A difference of several numbers in order of merit_ however, indicates a
significant incremental variation between the two materlals.
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_'der

of

Merit

Alloy

"itanlum

6 AI- 4V

(Aged)

Titanium

6 AI - 4V

(Annealed)

Titanium

8A_-IMo-IV

Titanium

Test Fty(ksl)/d(Ib/in3) x 10 -2 Order

Density of AI lay

(d) Condition 5 10 15 Merit

I I I

RT 9.9 m Aluminum

0.160 30°R OP 17.2 19

30OR IP 18.3 6061

RT 8.6 1 ncone_

O. 160 30°R OP 15. 2 20

30°R I P 15. 9

RT 8. 3 1 Steel

O. 158 30°ROP 14.2 _ 21 _, 286

30°R I P 15. 4 (5737)

RT 7. 1 1 Inconel X

224 5 AI-2.5 Sn O. 161 30°R OP 12.8

(Std.) 30°R IP 13. 5

Titani um RT 7. 0 1 Steel

5 5 AI-2.5 Sn O. 161 30°R OP 13. 3 23 A 286

(ELI) 30°R I P 13.2 (5735)

Aluminum RT 9.0 1 Aluminum

6 0.099 30°R OP 13. I 24

7079 30°R IP 12.9 )<250

Aluminum RT 8.0 1 Aluminum

7 O. I0 30°ROP 10.8 1 25

7178 30°R IP 12.1 _ A 356

Steel RT 6. 6 llllll Steel

8 O. 282 30°R OP I I. 8 26

AM-350 30°R IP 10. 9 _ (I) 310

Steel RT 8. 2 1 K Monel

9 O. 276 30°R OP 12.0 _ (I) 27

17-7 PH 30°R IP 9. I 1 (I)

Titanium RT 3.3 ml Aluminum

10 O. 163 30OR OP 7. 5 1 28

55A _O°R IP 8. | 1 1099

Aluminum RT 5.0 1 Aluminum

11 O. 100 30°R OP 7. 7 1 29

2024 30°R IP 7 9 1 B 750

Steel Rf 9.6 1 Rene 41

12 0.28 30°ROP 9.3 1 (t) (2) 30

440C 30°R IP 7.8 lll(1) (2)

Aluminum RT 4.7 1 Steel

13 O. !02 30°R OP 6. 7 1 31

2219 : 30°R IP 7.3 1 T450

Aluminum RT 6.0 1 Steel

14 O. 101 30°R OP 6°8 1 32

2014 30°R IP 7 I 1 347

Aluminum RT 3.5 1 Steel

15 0.096 30°R OP 4.6 1 33

5456 30°R IP 6. 9 l 304

Steel RT 3. 2

16 O. 28 30°R OP 6. 2

A353 30°R IP 6. 8

Aluminum RT 3.3 I

17 O. 096 30°R OP 3.8 I

5086 30°R IP 6. 2

Aluminum RT 3.4

18 O. 09o 30OR OP 4.5 1

5083 30°R I P (3)

1 Ductility parameters indicate severe embrlttlement.

2 Specimens failed at less than 0.2% offset. Reported value is Ftu/d.

Test Ftyi.Ksil/adb/m31_l_,_. , x 10-2

Density

(d) Condition 5 10 15

I I I

RT 4.1 1

0.097 _°ROP 5.2 1

30°R IP 6. I

RT 4.3 l

0,304 30°ROP 5,8 1

30°R Ip 5.9 1

RT 4.7 1

0.286 30°R OP 5.5 1

30°R IP 5.8 /

RT 4.7 1

0,30 30°R OP 5.0 1

30°R IP 5.4

RT 3.9 1

O. 286 30°R OP 5. 2 1

30°R IP 5.3 /

RT 3o 4

O. 097 30°R OP ' 5. 1

30°R IP 4.8 I (2)

RT 3.2 1

0.096 30°R OP 3.9 1

30°R IP 4_8 1

_T 2 n 2 ll

O. 29 30°R OP 4.8 1

30°R IP 4,7 1

RT 3.2 1

0,306 _°ROP 4,0 1

30OR IP 4.5 1

RT I, 3 []

0.097 30°R OP 0.7 (4)

30°R IP 4. 5 1

RT 1.9 •

O. 104 30°R OP 2.4 1

30°P IP 4,2

RT 2. 1 In

O. 30 30°R OP 3.6

30°R I P 3.8

RT 1.4 •

0.28 30°R OP 3.3 1

30°R IP 3.3 1

RT I. 5 •

0.29 30°R OP 1.8 I

30°R IP 2.2 1

RT 1.3 1

O. 29 30°P OP 1.4 •

30°R IP 1.8 •

3 Aluminum 5083 not tested after irradiation. This alloy placed arbitrarily in thls relative position due to similarlty of composition and nonlirradiated

behavior with 5086 and 5456.

4 The low strength-weight ratio of Aluminum 1099 at 30°R, unirradlated, should be noted.

FIGURE 30 TENSILE YIELD STRENGTH TO WEIGHT RATIOS FOR 33 ALLOYS AT VARIOUS

TEST CONDITIONS IN ORDER OF DECREASING VALUE IN-PILE AT 30°R
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CONCLUSIONS AND RECOMMENDATIONS

In general, cryogenic temperatures enhance the strength functions, Ftu and Ft. ,
in materials not subject to a low-temperature nil-ductility transformation. Th_s

fact has been used by the designers of liquified gas handling equipment to reduce
the weight of this type of hardware.

In several instances, fast neutron irradiation also increased the strength values.

However, this effect is of less use to the designer than the cryogenic effect since

the neutron dose sensitivity makes it a time dependent function. The principal

interest of designers in irradiation effects is in the avoidance of "radiation damage"

which might compromise the integrity of the design. Again, it should be noted that
the accumulated dose of 1 x 101/nvt (E)0.5 Mev) received by the specimens
tested in this program may be well below the threshold levels of some materials and

the observed changes might increase in magnitude or reverse in sign with increased
exposures to a fast neutron environment.

9.1 CONCLUSIONS

In the following paragraphs, the nature of the observed effects are noted for all

the materials tested in this program. The alloys were evaluated using the statistical

method briefly described in Section 4.2.6. In the following paragraphs, "real"

indicates statlstically significant with a confidence level of 90 percent, "probable"

indicates statistlcally significant with a confidence level of about 50 percent and
"no observable" means with no statistical significance at the 50 percent confidence
level. All the changes discussed in the following paragraphs are based on absolute
values.

9.1.1 Materials Exhibiting "Real" Adverse Cryogenic Effects In Strength Functions

The following alloys showed "real" degradation in one or more strength functions as

a result of exposure to 30°R, unirradiated. They should be used in cryogenic en-
vironments only after evaluation for a specific application on the basis of all avail-
able cryogenic test data. The figure in parenthesis indicates the ratio of the test
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value for the designated function at 30°R to its test value at room temperature or
states both values.

Aluminum 1099 (Fty x 0.56)

Stainless Steel 17-7 PH (Ftu n x 0.68)

Stainless Steel 440C (Ftu x 0.83; Ftu n x 0.50)

9.1.2 Materials Exhibiting "Real" Adverse Cryogenic-lrradiatlon Effects On

Strength Functions

The following alloys showed "real" degradation in one or more strength functions
as a result of irradiation to 1 x 1017 nvt (E _>0.5 Mev) at 30°R. *

The numerical values in parenthesis after each alloy indicate the ratio of the test

values after irradiation to values from unlrradiated samples tested at 30°R. In
several cases, these changes are of such minor magnitude that their practical sig-

nificance is dubious. However, the existance of any adverse effect in mechanical

properties of statistical significance at the 90 percent confidence level after this

relatively low irradiation exposure level indicates a possible susceptibility to
more serious damage at higher irradiation levels. Caution should be exercised in

the application of these materials in nuclear-cryogenic environments.

Aluminum 2014 (Ftu x 0.93)

Titanium 5AI-2 1/2 Sn, ELI (Ftu x 0.98)

Ren_ 41 (Ftu n x 0.95)

Inconel X (Ftu n x 0.92)

Stainless Steel A-286 (AMS 5737) (Ftu n x 0.94)

Stainless Steel AM 350 (Ftu x 0.92; Ftu n x 0.55)

Stainless Steel 17-7 PH (Ftu x 0.75; Fty x 0.76)

Stainless Steel 440C (Ftu x 0.83)

¢e Aluminum 5083 was not tested after irradlation.
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Testing of these alloys after exposures to high levels of irradiation would appear
to be of interest.

9.1.3 Materials Exhibiting "Probable" Adverse Cryogenic Effects On Strength
Functions

Aluminum X-250 is the only material which showed "probable" degradation in one

or more strength functions as a result of exposure to 30°R without irradiation with

no observed real change in any strength function. However, the test coupons of

this alloy contained considerable micro-porosity from the casting process. This

introduction of a random uncontrolled variable introduces a degree of uncertainty
in statistical analyses.

9.1.4 Materia Is Exhlbltlng "Probab le" Adverse Cryogeni c-lrradiatlon Effects
On Strength Functions

The following alloys showed "probable" adverse irradiation effects on some strength

functions, but none with a statistical confidence level of 90 percent. Due to the
fairly low irradiation level of this experiment, further testing would be desirable
on these materials before evaluation of these effects.

Aluminum 2024 (Ftu x 0.95)

Aluminum 2219 (Ftu x 0.98)

Aluminum 6061 (Ftu x 0.95)

Aluminum 7079 (Ftu x 0.92)

Stainless Steel 304 (Ftu n x 0.90)

Stainless Steel A-286 (AMS 5735) (Ftu x 0.97)

Austenltlc Manganese Steel T-450 (Ftu x 0.98)

Although, in some instances, these effects are equal to or greater in magnitude than
those listed in Section 9.1.2, but the scatter in these values reduces their statistical
significance, as discussed in Section 4.2.6•
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9.1.5 Materials Exhibiting "No Observable"AdverseCryogenic Or Irradlation
EffectsOn StrengthFunctions

The following materialsshowedno statistically significant (at the 50 percent confi-
dencelevel) deterioration of any strengthfunction. Within the limitation of the
irradiation level of this experiment, the strengthcriteria of thesematerialsappears
suitable for nuclear-cryogenic applications.

Aluminum5086
Aluminum5456

Aluminum7178
AluminumB-750
AluminumA-356

Titanium 55A

Titanium 5% AI - 2 1/2% Sn- Std.
Titanium 6%AI - 4% V - both agedand annealed
Titanium 8%AI- 1%Mo- 1%V

K Monel
Inconel
StainlessSteel 310

StainlessSteel 347

StainlessSteel A 286 (AMS5735)

ASTM A 353 Steel

9.1.6 Materials Exhibiting Appreciable And SeriousCryogenic Effects In Ductility
Functions

Thefollowing alloys showan appreciable lossin ductility in the cryogenic environment,
the reduction beingsufficient to suggesta significant cryogenic embrlttlement.*

Aluminum7079 (Elongationfrom 11.4 percent to 5.8 percent)
AluminumX-250 (Elongationfrom 20.6 percent to nil)

Ductility parametersfor Titanium 8%AI - 1%Mo - 1%V not available.

126

/



4

Titanium

7

Titanium

6

Stainless

6AI-4V, Annealed (Elongation from 13.8 percent to

.6 percent)

6AI-4V, Aged (Elongation from 16.5 percent to
.4 percent)

Steel 17-7 PH (Elongation from 13.8 percent to nil)

Stainless Steel 440C does not appear in the above listing since this material shows
very slight ductility on the basis of elongation and reduction of area measurements

at room temperature.

9.1.7 Materials Exhibiting Appreciable Cryogenic Reduction in Ductility Functions

While Retaining Reasonable Ductility

1

I

I

I

The following materials showed significant reduction of ductility as a result of cryo-

genic exposure but retained elongation values of at least 10 percent, rounded off to

the nearest percent.

Titanium 5AI-2 1/2 Sn, Std. I (Elongation from 23.3 percent to

13.8 percent)

Titanium 5% AI-2 1/2 % Sn - ELI (Elongation from 16 percent

to 9.7 percent)

Stainless Steel 304 (Elongation from 76.5 percent to 34.4 percent)

Stainless Steel 347 (Elongation from 60.3 percent to 41.3 percent)

Austenitic Manganese Steel T-450 (Elongation from 70.2 percent
to 31.2 percent)

Stainless Steel AM 350 (Elongation from 19.3 percent to 11.0

percent)

ASTM A 353 Steel (Elongation from 25.2 percent to 18.0 percent)

9.1.8 Materials Exhibiting Appreciable And Serious Cryogenic Irradiation Effects
In Ductility Functions

The following materials showed a significant reduction of ductility as a result of irradiation
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at a level which might suggest significant embrlttlement through irradiation.

Aluminum 7178 (Elongation from 12.4 percent to 6.3 percent)

Aluminum B-750 (Elongation from 7.0 percent to 3.3 percent)

Aluminum A-356 (Elongation from 11.6 percent to 8.7 percent)

Titanium 6AI-4V-Annealed (Elongation from 7.6 percent to

5.7 percent)

Titanium 6AI-4V-Aged (Elongation from 6.4 percent to 5 percent)

Titanium 8AI-1Mo-IV*

Stainless Steel AM 350 (Elongation from 11 percent to 7.3 percent)

The following materials exhibited nil ductility at 30°R, unlrradiated. An increase in

the severity of their brittle behavior from irradiation embrittlement might be observ-
able if they were tested using criteria other than elongation and reduction of area.

Aluminum X-250

Stainless Steel 17-7 PH

Stainless Steel 440C

9.1.9 Materials Exhibiting Appreciable Cryogenlc-lrradiation Induced Reduction In

Ductility Functions While Retaining Reasonable Ductility

The following alloys showed a considerable reduction in ductility at 30°R after irradia-

tion in comparison with specimens tested at 30°R, out-of-pile. In most cases, due to
a cryogenic increase in ductility, the irradiated test specimens showed as great or

greater ductility than the room temperature specimens. In all cases, the ductility as

measured by elongation is 10 percent or greater. However, the tendency for radiation
embrlttlement might be expected to increase with higher irradiation levels.

Aluminum

Aluminum

Aluminum

Aluminum

Aluminum

1099 (Elongation from 61.4 percent to 46 percent)

2014 (Elongation from 17.7 percent to 12.7 percent)

2024 (Elongation from 22.3 percent to 16.3 percent)

5086 (Elongation from 30.0 percent to 22.3 percent)

5456 (Elongation from 18.2 percent to 14 percent)

Ductility parameters for
Elongation at 30°R, 1 x

22.7 percent.

specimens tested at 30°R, unlrradiated not available.

1017nvt was 5.7 percent; room temperature value was
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Titanium 5AI-2 1/2 Sn-Std. I (Elongation from 13.8 percent

to 11.5 percent)

Ren_ 41 (Elongation from 60.5 percent to 55.0 percent)

Inconel X (Elongation from 33 percent to 29 percent)

Stainless Steel 347 (Elongation from 41.3 percent to 37

percent)

9.2 RECOMMENDATIONS REGARDING USE OF TEST RESULTS AS DESIGN
CRITERIA

The following alloys - due to drastic reductions in one or more of the strength or

ductility functions - seem unsuitable for most engineering applications at 30°R.

Aluminum 1099

Aluminum 7079

Titanium 6% AI - 4% V - Annealed

Titanium 6% AI - 4O/oV - Aged

Stainless Steel 17-7 PH

Stainless Steel 440C

The changes in ductility functions in Aluminum 7079 and Titanium 6-4 might not have

adverse effects for many specific uses. However, materials are available with superior

cryogenic properties for most applications at liquid hydrogen temperatures.

In all cases except Aluminum 1099, the undesirable cryogenic effect on one or more

functions is increased by irradiation at 30°R. Thus, these materials seem even less

suitable for nuclear-cryogenic environments than for simple low temperature service.

In the case of Aluminum 1099, the yield strength loss at 30°R is recovered after ex-

posure to a fast neutron field. This effect, discussed in Section 6.1, is of interest

but would seem of little practical application to the designer.

The following materials - due to small but statistically significant reductions after

irradiation in one or more of the strength or ductility functions or to scatter of test
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data which might obscure significant effects - should be the subject of additional

investigation before extensive use in nuclear-cryogenic applications:

Aluminum Alloys 2014, 2024, 2219, 5086, 5456,
6061 and 7178

Titanium Alloys 5 AI-2 1/2 Sn, Std. I, 5 AI-2 1/2 Sn, ELI
and8AI - 1 Mo- 1V

Nickel Alloys Ren_ 41 and Inconel X

Stainless Steels 304, 347, A-286 (AMS 5735),

A-286 (AMS 5737) and AM-350

Austeniti c Manganese
Steel T-450

ASTM Steel A 353

Although further study is indicated prior to a general recommendation for use, many

of these materials may prove suitable for specific applications and none showed drastic

reductions in strength or ductility functions.

The analyses of test results for each alloy, given in Section 6, as well as the data pre-

sented in Section 5 and Appendix B of this report may prove of assistance in the evalua-

tion of any individual alloy for a specific application.

The following materials appear to have satisfactory tensile properties after irradiation
to 1 x 1017nvt (E _ 0.5 Mev) at 30°R:

Titanium 55A

Nickel Alloys K Monel and Inconel

Stainless Steel 310

The aluminum casting alloys have not been included in this discussion as the previously

noted internal micro-porosity introduced during casting solidification introduces sta-
tistical uncertainty of the dependence of the observed change in strength functions on
the environmental effects.
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Aluminum 5083, while possessing satisfactory cryogenic properties, was not tested
after irradiation.

9.3 RECOMMENDATIONS FOR FUNDAMENTALLY ORIENTED TESTS

There is an obvious need for better understanding of the fundamental mechanisms

involved in the nuclear cryogenic effects in structural materials. Strictly eng-

ineering effect studies are limited in that it is physically impossible to test all

potentially useful materials under all anticipated conditions. Also, there can be

unforeseen changes in both anticipated operating conditions and in material pro-
duction techniques and there will be unforeseen new structural alloy developments.

Carefully designed tests on the tensile properties of the more simple polycrystalline
materials, when considered in relation to cryogenlc-lrradiation data on numerous

material properties being generated at various laboratories from pure metals and
simple alloy single crystals, might yield criteria which would be generally appli-

cable to a wide variety of complex structural materials.

Probably of most importance and of particular value to nuclear-propulsion engineers

would be annealing experiments which would allow extrapolation or interpolation

of test results obtained at a few temperatures to anticipated operating temperatures.
Initial annealing experiments should be on the simple materials, such as Aluminum

1099 with the intent to extend these to increasingly complex alloys, if necessary.

Actual operating integrated fluxes will be orders of magnitude higher in many appli-
cations than 1017 nvt so it would also be desirable to have results from some of the

simple materials irradiated to at least 1018 nvt.
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APPENDIX A

MATERIAL PEDIGREE DATA

The pedigree data_ supplied by the vendors of the test specimen materials for

NASw-114, are summarized in Tables A 1 through A 3.

Complete pedigree data is available in the pedigree report, ER-5542 of Feb-

ruary, 1962, and its Addendum of September 1963. Minor errors of transcript-

ion in ER-5542 have been corrected in the tables in this Appendix.
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APPENDIX B

TEST RESULTS

The complete test data generated in each specimen tested in the screening pro-

gram are given in Tables B 1 through B 33 with certain self-explanatory statist-
ical evaluation.

The data herein reported is discussed in Sections 4, 5, 6 and 7 of the body of

this report.
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TABLE B 1 a

TEST RESULTS, ALUMINUM 1099 (H-14)

Specimen

Number

TENSILE TESTS

Test Total

Temp Fast
Flux (a)

(nvt)

8 Ba 1 RT None

8 Ba 2 RT None

8Ba 17 RT None

8 Ba 27 RT None

8Ba 34 RT None

Test

Value

11.7

13.3

14.0

12.6

14.3

Ftu (ksi)

Bias (b) BIas

Range (c)

Test

Value

11.0

12.6

13.4

11.9

13.5

Fty (ksi)

Bias (b)

Arith. Mean ............... 13. 18

Std. Deviation .............. 1.06

8 Ba 36 30°R None 33.0

8 Ba 39 30°R None 30.0

8 Ba 40 30°R None 30o0

8 Ba 82 30°R None 39.3

8 Ba 86 30°R None 36.6

Arith. Mean ...............

Std. Deviation ..............

8 Ba 87 30°R 1017 49.2

8 Ba 84 (j) 30OR 1017 45.9

8 Ba 80 (k) 30°R 1017 45.8

Arlth. Mean ...............

Std. Deviation ..............

TENSILE NOTCH TESTS

8 Ba 3 RT None

8 Ba 7 RT None

8 Ba 14 RT None

8 Ba 18 RT None

8 Ba 26 RT None

16.2

16.4

15o2

16.0

16.8

33.78

4.11

(i)
(i)

Ftun

Arith. Mean ............... 16. 12

Std. Deviation .............. 0.59

8Ba 28 30°R None 47.2

8Ba 42 30OR None 45°8

8Ba 44 30°R None 47.8

8 Ba 45 30°R None 47°2

8 Ba 57 30°R None 47.8

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 10 t7

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

47o16

0.82

+20. 6

+15.4

+12.1

+12.0

(i)

(ksi)

+3 1.0

+17.1

+24. I

(i)
(i)

+30.2

+3 1o9

8.19

6.03

8.04

6.67

7.13

43.3

33.5

31.0

. . . . °

• • ° ° •

1. 38

1.23

1.09

1.27

1.17

. . . . .

1 . 43

1.53

1.59

1.20

1.31

• ° • • •

(q)
(q)
(q)

12.48

1.05

6.97

O. 95

(i)
(i)

1.228

0.110

1.412

0.158

-5.5

+36. 3

+26. 5

+24.0

(i)

Ftun/Ft u

+0.18

Bias

Range (c)

-4.3

-6.7

(i)
(_)

+0.02

+0.34
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TABLEB I b

TEST RESULTS, ALUMINUM 1099 (H-14)

0.94

0.94

0.95

O. 94

0.94

0. 25

0.20

0. 27

0. 17

0° 19

O. 88

0.73

0.68

Fty/Ftu

0.942

0.216

(1)

Elongation

(%)

22

26

25

21

2O

62

61

63

6O

61

46

43

41

22.8

61.4

(1)

Reduction

of Area

(%)

74

83

78

79

81

62

61

76

71

76

54

56

67

79.0

69.2

(i)

Fracture

Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

110.0

110.0

(e)

I10.0

(i)

87.4

89.5

107o 0

Tota I

Fast

Flux( a )

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 8 Ba 1

None RT 8 Ba 2

None RT 8 Ba 17

None RT 8 Ba 27

None RT 8 Ba 34

....... Arith. Mean

None 30°R 8 Ba 36

None 30OR 8 Ba 39

None 30°R 8 Ba 40

None 30OR 8 Ba 82

None 30°R 8 Ba 86

....... Arith. Mean

1017 30°R 8Ba

1017 30°R 8Ba

1017 30°R 8Ba

87

84 (i)

80(k)

....... Arith. Mean

(e)o not recorded

(j). i nterrupti on of refrigeration at 80% of total accumulated dose caused

speclm en tempe rat ure to in crease to about 70°R for about 10 minutes

(k). apparently strained, before irradiation, to about one-half of total

elongation

(I). not averaged due to non-identical test conditions

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB2a

TESTRESULTS,ALUMINUM2014(T-651)

SpecimenTest Total
Number Temp Fast,

FIux_a)
(nvt)

TENSILETESTS

1Ba 13 RT None
1Ba 35 RT None
1Ba 46 RT None
1Ba 47 RT None
1Ba 48 RT None

Test
Value

71.1
62.4
64.5
64.8
65.4

Ftu(ksl)

Bias(b) Bias
Range(c)

Test
Value

63.8
57°5
59.8
59.7
60.9

Fty(ksi)

Bias(b) Bias
Range(c)

Arith.Mean............... 65.64
Std.Deviation.............. 3.25

1Ba 49 30°R None 91.6
1Ba 63 30°R None 92.9
1Ba 67 30°R None 87.1
1Ba 68 30°R None 89.1
1Ba 70 30°R None 94.8

Arith.Mean...............
Std.Deviation..............

1Ba 65 30°R 1017 81.3
1 171Ba 71 30°R 0 90.6

1Ba 72 30°R 1017 81o9

91o10

3.05

Arith. Mean ............... 84.60

Std. Deviation .............. 5.20

TENSILE NOTCH TESTS

1Ba 15 RT None

1Ba 16 RT None

1Ba 18 RT None

1Ba 19 RT None

1Ba 27 RT None

..... 60.34

..... 2.29

56. 7

63.1

71.2

72.3

78. 1

80. 6

76. 7

80.8

79. 3

80° 1

Ftun

Arith. Mean ............... 79.50

Std. Deviation .............. 1.67

1Ba 54 30°R

1Ba 55 30°R

1Ba 57 30°R

1Ba 58 30°R

1Ba 61 30°R

None 101.0

None 98,8

None 102.0

None 102.0

None 102o0

Arith. Mean ............... 101.16

Std. Deviation .............. 1o39

_) 30°R 1017

(q) 30°R 1017

_) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

+25.5

-6.5

(ksl)

+21.7

+21.8

+29.2

-0.1

-12.9

+19.9

+23.5

• ° • ° •

.... °

64.9

78.2

72.2

. . . • •

Io13

I. 23

Io25

I. 22

I. 22

. . . . .

. ° • • •

1.10

1.06

1.17

1,14

I. 08

. . • • •

68.28

8. 40

71o77

6.66

Ftun/Ftu

1.21

0.04

1.11

0.05

+7.9

+3, 5

-0. 10

+0.7

+15.2

-7°0

+13.9

- 0.05

-0.15

B-4



TABLE B 2 b

TEST RESULTS, ALUMINUM 2014 (T-651)

Fty/Ftu

0.90

0.92

O.93

0.92

O.93

0.62

0.68

O. 82

0.81

O. 82

0.80

O. 86

O. 88

O. 920

O.750

0.847

13

13

13

11

11

(d)
(d)
16

19

18

13

12

t3

Elongation

(%)

12.2

17.7

12.7

34

36

34

36

35

(d)
(d)
28

26

25

13

21

21

Reduction

of Area

(%)

35.0

26.3

18.3

Fracture

Stress

(ksi)

69.3

(e)
(e)
(e)
(e)

(e)
(e)

114.0

115.0

122. 0

93. 4

108. 3

103. 0

69.3

Tota I

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 1 Ba 13

None RT 1 Ba 35

None RT 1 Ba 46

None RT 1 Ba 47

None RT I Ba 48

....... Arith. Mean

117.0

101.6

None 30°R 1 Ba 49

None 30°R 1 Ba 63

None 30°R 1 Ba 67

None 30°R I Ba 68

None 30°R 1 Ba 70

Arith. Mean

1017 30 OR 1Ba 65

1017 30OR 1Ba 71

1017 30°R 1Ba 72

. . . .... Arith. Mean

(d). not available

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with _.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB3a

TESTRESULTS,ALUMINUM2024(T-351)

SpecimenTest Total
Number Temp Fast

FIux(a)
(nvt)

TENSILE TESTS

Test

Value

7 Ba 1 RT None 67.4

7 Ba 7 RT None 67.0

7 Ba 17 RT None 68. 1

7 Ba 23 RT None 66. 1

7 Ba 40 RT None 66. 8

Arith. Mean ...............

Std. Deviation ..............

7 Ba 14 30°R None 111.0

7 Ba 28 30OR None 106.0

7 Ba 32 30OR None 105. 0

7 Ba 36 30°R None 106. 0

7 Ba 39 30°R None 105.0

Arith. Mean ...............

Std. Deviation ..............

7 Ba 6 30°R 1017 111.4

1 177 Ba 9 30°R 0 90.6

7 Ba 25 30°R 1017 100. 3

Arith. Mean ...............

Std. Deviation ..............

TENSILE NOTCH TESTS

7 Ba 4 RT None

7 Ba 5 RT None

7 Ba 8 RT None

7 Ba 10 RT None

7Ba 11 RT None

69.8

71.7

74.2

74.6

73.8

Arith. Mean ...............

Std. Deviation ..............

7 Ba 12 30°R None 97. 9

7 Ba 20 30°R None 99. 1

7 Ba 24 30°R None 97° 0

7 Ba 38 30°R None 101.0

7 Ba 42 30°R None 83.2

Arlth. Mean

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

Ftu (ksi)

Bias (b)

67.08

0.74

106. 6 +39.5

2.5

100.8 - 5°8

10.4

Ftu n (ksi)

72° 82

2.03

95. 64 +17. 8

7. 11

Bias

Range (c)

+37. 3

+41.7

+6.0

-17.7

+11.7

+24.0

Test

Value

50.7

50.4

50.4

49.7

50.3

79.5

76. 8

75° 9

77. 3

76° 5

. . ° • •

(e)
79, 2

79. 6

. ° ° ° •

I. 04

I. 07

I. 09

1,13

I. 10

0.88

0.93

0.92

0.95

0o 79

50.30

0.37

i

Fty (ksl) I
i

Bias (b)

77.20 +2 6o 9

I. 38

79.40 + 2.2

0.28

Ftun/Ft u

I .086

.033

0.894 -0o19

0.632
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TABLE B3 b

TEST RESULTS, ALUMINUM 2024 (T-351)

0. 75

0. 75

0.74

0. 75

0. 75

0.72

0. 72

0.72

0. 73

0. 73

(_)
0.87

0. 79

Fty/Ft u

O. 748

0. 724

0. 830

21

2O

22

22

23

2O

(d)
17

31

21

18

15

16

Elongation

(%)

21.6

22.3

16.3

Reduction

of Area

(%)

23

25

32

3O

31

21

(d)
2O

18

22

16

14

24

28. 2

20. 3

18.0

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

133. 0

105. 0

133.0

(e)

(e)

123.7

Total Test Specimen

Fast Temp Number
Flux (°)

(nvt)

TENSILE TESTS

None RT 7 Ba 1

None RT 7 Ba 7

None RT 7 Ba 17

None RT 7 Ba 23

None RT 7 Ba 40

Arith. Mean

None 30°R 7 Ba 14

None 30OR 7 Ba 28

None 30OR 7 Ba 32

None 30°R 7 Ba 36

None 30°R 7 Ba 39

Arith. Mean

1017 30°R 7Ba 6

1017 30°R 7Ba 9

1017 30OR 7Ba 25

....... Arith. Mean

(d). not available

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with _.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 4 a

TEST RESULTS, ALUMINUM 2219 (T-87)

Specimen
N umbe r

TENSILE TESTS

2Ba 41

2Ba 45

2 Ba 50

2 Ba 53

2Ba 60

Test

Temp

To ta I

Fast

Flux (a)

(nvt)

RT qone

RT None

RT None

RT None

RT None

Test

Value

63.1

62.7

63ol

62° 6

43.7

Ftu (ksi)

Bias (b) Bias

Range (c)

Test

VQ Iue

51.4

51.7

51.0

50.8

35.2

Fty (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 59.04

Std. Deviation .............. 8.58

2 Ba 30 30°R None 95. 9

2 Ba 32 30°R None 96. 5

2 Ba 34 30°R None 95.2

2 Ba 35 30°R None 95.3

2 Ba 36 30°R None 96. 4

Arith. Mean ...............

Std. Deviation ..............

2 Ba 58 30°R 1017 93.5

2 Ba 61 30°R 1017 96.0

2 Ba 70 30°R 1017 91.7

95. 86

0.59

..... 48. 02

..... 7.18

67° 6

68.4

66. 9

68.0

70. 0

Arith. Mean ............... 93° 73

Std. Deviation .............. 2.16

TENSILE NOTCH TESTS

2 Ba 31 RT None 76. 1

2 Ba 37 RT None 73o4

2 Ba 38 RT None 73.9

2 Ba 40 RT None 75.4

2 Ba 42 RT None 74.6

Arith. Mean ...............

Std. Deviation ..............

2 Ba 43 30°R None 99.3

2 Ba 44 30°R None 102.0

2 Ba 49 30°R None 89.4

2 Ba 52 30°R None 98. 8

2 Ba 54 30°R None 101.0

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arlth. Mean ...............

Std. Deviation ..............

Ftun

74.68

1.09

98. 10

5.03

+36. 8

-2ol

(ksi)

+23.4

+29.7

+44.0

+0.3

-4.6

+19ol

+27.7

76. 2

77.2

68.8

. . . . °

1.21

1.17

1.17

1o 20

1.71

. . . . .

I. 04

Io06

00 94

I. 04

1.05

68.18

1.16

74.07

4.59

1.29

0.23

1.03

0.05

+20.2

+5.9

Ftun/Ftu

- 0.26

+14. 1

+26.2

+0.6

+11.1

- 0.06

- 0.46
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TABLEB4b

TEST RESULTS, ALUMINUM 2219 (T-87)

0.81

O.82

0.81

0.81

0.81

0.70

0.71

0.70

0.71

0.73

0.81

0.80

O. 75

Fty/Ftu

0.812

0.710

O. 787

Elongation

(%)

14

16

13

16

12

16

18

15

15

18

15

15

16

14.2

16.4

15.3

31

34

31

37

28

23

31

27

28

27

15

19

21

Reduction

of Area

(%)

32.2

27. 2

18.3

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)

52.4

(e)
(e)
(e)
(e)
(e)

109. 0

113.0

112.0

52.4

(e)

111.3

Total Test

Fast Temp
Flux (a)

(nvt)

TENSILE TESTS

None RT 2

None RT 2

None RT 2

None RT 2

None RT 2

Specimen

Number

Ba 41

Ba 45

Ba 5O

Ba 53

Ba 6O

....... Arith. Mean

None 30°R 2 Ba 30

None 30°R 2Ba 32

None 30°R 2Ba 34

None 30°R 2 Ba 35

None 30°R 2Ba 36

....... Arith. Mean

1017 30°R 2Ba 58

1017 30°R 2Ba 61

1017 30°R 2Ba 70

........ Arith. Mean

(e). not recorded

(q)o test deleted from screening program

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 5 a

TEST RESULTS, ALUMINUM 5083 (H-321)

Specimen Test

Number Temp

TENSILE TESTS

3 Ba 4 RT

3 Ba 5 RT

3 Ba 6 RT

3 Ba 7 RT

3 Bo 8 RT

To ta I

Fast

FIux (a)

(nvt)

None

None

None

None

None

Ftu (ksi) Fty (ksi)

Test Bias (b) Bias Test Bias(b) Bias

Value Range (c) Value Rang e(c)

47.0

46.0

45.5

46. 5

46.8

31,7

31.5

31.8

33. 1

32• 7

Arith. Mean ............... 46.36

Std. Deviation ............... 61

3 Ba 12 30°R None 93•6

3 Ba 31 30°R None 101•0

3 Ba 38 30°R None 88•7

3 Ba 39 30°R None 93o0

3 Ba 40 30°R None 101.0

Arlth. Mean ............... 95.46

Std. Deviation .............. 5• 40

(f) 30°R 1017

(f) 30°R 1017

(f) 30°R 1017

• • • • •

• . • • •

43.7

43.4

41.7

42.0

45. 8

32. 16

• 70

Arith. Mean ...............

Std. Deviation ..............

TENSILE NOTCH TESTS

3 Ba 15 RT None

3 Ba 16 RT None

3 Ba 17 RT None

3 Ba 18 RT None

3 Ba 19 RT None

54.6

55.0

54.8

55.9

55. I

Arlth. Mean ............... 55.08

Std. Deviation .............. 0• 50

3 Ba 1 30°R None 74.5

3 _ 20 30°R None 75.0

3 Ba 21 30°R None 69.8

3 Ba 22 30°R None 74.3

3 Ba 32 30°R None 89.9

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arlth• Mean ...............

Std. Deviation ..............

Ftu n (ksi)

76.70

7. 67

+49. I

+21.6

+44.6

+53.6

+15.2

+28• 0

• • • ° •

.... °

.°°am

1.16

I. 20

I. 20

I. 20

1.18

• . ° • •

• • • • .

• 8O

• 74

• 79

• 80

.89

• • ° ° •

• • o • •

43.32

1.63

1.19

0.02

0.804

0. O55

Ftun/Ftu

4-11.2

- 0.39

+10.4

+11.9

- 0.34

- 0.43
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TABLE B 5 b

TEST RESULTS, ALUMINUM 5083 (H-321)

Fty/Ftu

0.67

0.68

0 o70

0.71

0.70

0.47

0.43

0.47

0.45

0.45

0 o692

0.454

Elongation

(%)

11

11

12

12

11

25

12

20

26

22

11.4

21.0

21

25

18

27

28

23

25

20

30

22

23.8

24.0

Reduction

of Area

(%)

Fracture

Stress

(ksl)

(d)
(d)
(d)
(d)
(d)

(e)
132.0

(e)
(e)

128.0

(d)

130.0

Total

Fast

Flux (a)

(nvt)

Test Specimen

Temp Numloe r

TEINSILE TESTS

None RT 3 Ba 4

None RT 3 Ba 5

None RT 3 Ba 6

None RT 3 Ba 7

None RT 3 Ba 8

....... Arlth. Mean

None 30OR 3 Ba 12

None 30°R 3Ba 31

None 30°R 3Ba 38

None 30°R 3Ba 39

None 30°R 3Ba 40

Arith. Mean

1017 30°R (_

1017 30°R (f)

1017 30°R _)

....... Arith. Mean

(d)o not available

(e). not recorded

(f). screening program ended before completion of this test

(q). test deleted from screening program

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB6a

TESTRESULTS,ALUMINUM5086(H-32)

SpecimenTest
Number Temp

TENSILETESTS

11Ba31 RT
11Ba32 RT
11Ba61 RT
11Ba63 RT
11Ba71 RT

Total

:ast
:lux (a)

(nvt)

None

_lone

None

None

None

Test

Value

Ftu (ksi)

45.9

44.5

43.7

49. 1

43.5

Arith• Mean ............... 45.34

Bias (b) Bias

Range (c)

Fry (ksl)

Test

Value

32.8

32. I

29. 3

35. 7

30. I

32. O0

Bias (b) Bias

Range (c)

Std. Deviation .............. 2.30

11Ba 50 30°R None 88.4

11Ba 51 30°R None 91.7

11Ba 64 30°R None 97.2

11Ba 66 30°R None 91.8

11Ba 73 30°R None 90.7

Arith. Mean ...............

Std. Deviation ..............

11Ba 40 30°R 1017 92.5

11Ba 68 30°R 1017 98.6

I1Ba 72 30°R 1017 91.6

91.96

3.23

Arith. Mean ............... 94.23

Std. Deviation .............. 3o81

TENSILE NOTCH TESTS

52.6

53.6

53.3

52.6

52.3

11Ba 15 RT None

11Ba 16 RT None

11Ba 17 RT None

11Ba 18 RT None

11Ba 19 RT None

Ftun

Arlth. Mean ............... 52.88

Std. Deviation .............. 0.54

11Ba 20 30 °R None 70.6

11Ba 21 30°R None 58.6

11Ba 22 30°R None 75.7

11Ba 23 30°R None 68.4

11Ba 24 30°R None 68°7

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arlth. Mean ...............

Std, Deviation ..............

68.40

6.21

+46. 6

+ 2.27

(ksi)

+15.5

+43.3

+49.9

-2.8

+7.4

+10.3

+20.7

31.8

39. 3

37.0

36. 6

36.2

• • ° • •

61.1

60.4

56.9

. • . • •

1.15

I. 20

I. 22

1.07

I. 20

. ° • • °

. ° • • •

0.80

0.64

0.78

0.75

0o 76

. . • • •

2.51

36. 18

2.73

59.47

2.25

+4.2

+23.3

Ftun/Ftu

1,17

0.06

0.75 - 0°42

0.09

+1,1

+7.3

+19.8

+26. 8

- 0°33

-0.51
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TABLEB6 b

TEST RESULTS, ALUMINUM 5086 (H-32)

Fty/Ftu

0.71

0.72

0. 67

0.73

0. 69

0.36

0.43

0.38

0. 40

0°40

O. 66

0.61

0.62

0.704

0. 394

O.630

8

10

12

12

11

3O

(d)
28

31

31

21

24

22

Elongation

(%)

10. 6

30. 0

22.3

29

24

15

20

22

29

(d)
24

25

22

18

22

20

Reduction

of Area

(%)

22.0

25°0

20. 0

Fracture

Stress

(ksi)

(e)
(e)

50.6

59. 0

53.0

125. 0

(e)
128.0

122.0

116.0

112.0

127. 0

115.0

_.2

122.7

118.0

To to I

Fast

Flux (a)

(nvt)

Test

Temp

Specimen
Number

TENSILE TESTS

None RT

None RT

None RT

None RT

None RT

llBa

llBa

llBa

llBa

llBa

31

32

61

63

71

, ....... Arith. Mean

None 30°R 11 Ba

None 30OR 11 Ba

None 30°R 11 Ba

None 30°R 11 Ba

None 30°R 11 Ba

5O

51

64

66

73

....... Arlth. Mean

1017 30°R 11Ba

1017 30°R 11Ba

1017 30°R 11Ba

4O

68

72

....... Arith. Mean

(d)o not available

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB7a

TESTRESULTS,ALUMINUM5456(H-321)

SpecimenTest
Number Temp

TENSILETESTS

5Ba 10 RT
5Ba11 RT
5Ba14 RT
5Ba30 RT
5Ba31 RT

Total
Fast
Flux(a)
(nvt)

None
None

None

None

None

Test

Value

51.4

49.2

49.5

49.7

49.7

Ftu (ksl)

Bias(b) Bias

Range (c)

Test

Value

34.9

34.1

34.1

34.2

32.7

i

Fty (ksi)

Bias(b) Bias

Range (c)

Arith. Mean ............... 49.90

Std. Deviation .............. 0.86

5 Ba 1 30°R None 90.2

5 Ba 3 30°R None 91.2

5 Ba 6 30°R None 94.2

5 Ba 7 30°R None 92.3

5 Ba 38 30°R None 93° 1

Arith. Mean ............... 92.20

Std. Deviation .............. 1.57

5 Ba 39 30OR 1017 90.9

117
5 Ba 47 30°R 10170 95.4
(f) 30°R

Arith. Mean ............... 93. 15

Std. Deviation .............. 3.18

TENSILE NOTCH TESTS

5 Ba 15 RT None

5Ba 16 RT None

5Ba 17 RT None

5 Ba 19 RT None

5 Ba 20 RT None

59.7

59. 6

58.4

60.4

59.8

..... 34.00

..... 0.80

45. I

44.7

44.8

45. I

39. 6

Ftun

Arith. Mean ............... 59.58

Std. Deviation .............. 0.73

5 Ba 22 30°R None 70.3

5 Ba 25 30°R None 67.4

5 Ba 26 30°R None 69.0

5 Ba 27 30°R None 70.4

5 Ba 28 30°R None 56. 8

Arith. Mean ............... 66. 78

Std. Deviation .............. 5.71

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

+42.3

+1.0

(ksi)

+7.2

+40.8

+43.8

-3.8

+5.7

+2.4

+12.0

. . . . •

. ° • • •

68.9

64.5

. ° • • •

• • ° ° •

1.16

1.21

1.18

1.22

I. 20

0.78

0. 74

0.73

0.76

0.61

. ° • • •

. ° • • •

43.86

2.39

66.70

3.10

+9.9

+22.8

Ftun/Ftu

1.19

0.02

0.72 - 0.47

0.07

+7.8

+12o0

+17.9

+27.8

- 0.41

- 0.53
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TABLE B 7 b

TEST RESULTS, ALUMINUM 5456 (H-321)

Fty/Ftu

0.68

0. 69

0.69

0. 69

0. 66

0. 50

0°49

0.48

0.49

0.43

0o 76

0. 68

0. 682

0o 478

Oo 720

11

13

13

14

13

17

18

21

21

14

Elongation

(%)

14

14

12.8

18.2

14.0

7

10

I0

11

14

15

18

15

18

18

15

18

Reduction

of Area

(%)

10.4

16.8

16.5

Fracture

Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)

113.0

107. 0

116.0

(_)

113.0

111.5

Tota I

Fast

FIux (a)

(nvt)

Test

Temp

Specimen
Number

TENSILE TESTS

None RT 5Ba

None RT 5Ba

None RT 5Ba

None RT 5Ba

None RT 5Ba

I0

11

14

30

31

....... Arith. Mean

None 30°R 5 Ba

None 30°R 5 Ba

None 30°R 5 Ba

None 30°R 5 Ba

None 30°R 5 Ba

1

3

6

7

38

....... Arith. Mean

1017 30°R 5Ba

1017 30°R 5Ba

1017 30°R (f)

39

47

....... Arith. Mean

(e)o not recorded

(f)o screening program ended before completion of this test

(q). test deleted from screening program

(o). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 8 a

TEST RESULTS, ALUMINUM 6061 (T-6)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

12 Ba 6 RT None

12 Ba 8 RT None

12 Ba 10 RT None

12 Ba 11 RT None

12 Ba 12 RT None

Test

Value

43. I

41o6

44.5

44. I

43.5

Ftu (ksi)

Bias (b) Bias

Range (c)

Test

Value

40.0

38.5

40.6

40.3

40.6

Fry (ksi)

Bias (b)

Arith. Mean ...............

Std. Deviation ..............

12Ba 1 30°R None 72.4

12Ba 2 30°R None 68.3

12 Ba 3 30°R None 67.8

12Ba 4 30°R None 66.2

12Ba 5 30°R None 66.0

Arith. Mean ...............

Std. Deviation ..............

12 Ba 61 30°R 1017 68.1

12Ba 66 30OR 1017 64.4

12Ba 69 30°R 1017 61.2

Arlth. Mean ...............

Std. Deviation ..............

i

TENSILE NOTCH TESTS

12 Ba 55 RT None 57.3

12Ba 58 RT None 54.3

12 Ba 59 RT None 58.3

12Ba 63 RT None 54.8

12 Ba 64 RT None 57.9

Arlth• Mean ...............

Std• Deviation ..............

12 Ba 67 30°R None 74.6

12Ba 68 30°R None 71.2

12Ba 72 30°R None 73.8

12 Ba 74 30°R None 72.3

12Ba 77 30°R None 72.9

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arlth. Mean ...............

Std. Deviation ..............

43°36

1. 12

55. 6

51.2

51.0

49. 7

44.6

40. 00

0.88

68•14

2.58

64.57

3.45

+24.8

56.52

1.84

72.96

1.32

-3.6

+22.4

+27. I

+0.9

-8.0

. . . . .

• . . . •

62.0

63.7

52.4

• . 0 • .

• ° . ° •

50.42

3.94

59.37

6.09

+10.4

Ftu n (ksi) Ftun/Ftu

1• 33

1.31

1.31

1.24

1.33

. . . • •

. . , • •

+14,6

+18.3

+16,4

1.30

0.01

I. 03

I. 04

1.09

I. 09

1.10

. . . . ,

• • • . .

. • . • ,

1.07

0.03

-0.2

Bias

Range (c)

+7.1

+13.8

+1.3

+16.6

-0.19

- 0.27
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TABLEB8b

TEST RESULTS, ALUMINUM 6061 (T-6)

Fty/Ftu

0.93

0.93

0.91

0.91

0. 93

0.77

0.74

0o 75

O. 75

0.68

0.91

0.99

0.86

0. 922

O. 738

0. 920

16

18

20

20

(d)

30

29

33

28

3O

(d)
3O

3O

Elongation

(%)

18.5

30. 0

30.0

Reduction

of Area

(%)

36

52

52

53

(d)

36

44

41

45

41

(d)
36

32

48. 3

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

41.4

(d)
100.2

88.6

34.0

(_)

(_)

95. 4

To ta I

Fast
Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 12Ba 6

None RT 12Ba 8

None RT 12Ba 10

None RT 12Ba 11

None RT 12Ba 12

....... Arith. Mean

None 30°R 12Ba 1

None 30°R 12Ba 2

None 30°R 12Ba 3

None 30°R 12Ba 4

None 30°R 12Ba 5

....... Arith. Mean

1017 30°R 12Ba 61

1017 30°R 12Ba 66

1017 30°R 12Ba 69

....... Arith. Mean

(d). not available

(e). not recorded

(q)o test deleted from screening program

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 9 a

TEST RESULTS, ALUMINUM 7079 (T-6)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

13 Ba 1 RT None

13 Ba 4 RT None

13 Ba 6 RT None

13 Ba 20 RT None

13 Ba 30 RT None

Test

Va I ue

97. 7

97. 8

98° 4

92.4

89.3

Ftu (ksi)

Bias (b) Bias

Range (c)

Test

Value

90.8

91.8

91.8

86. 4

84° 0

Fty (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 95. 12

Std. Deviation .............. 4.06

13 Ba 10 30°R None 145.0

13 Ba 11 30°R None 143• 0

13 Ba 15 30°R None 150.0

13 Ba 18 30°R None 147. 0

13 Ba 27 30°R None 141.0

Arith. Mean ............... 145.20

Std. Deviation .............. 3.49

13Ba 22 30OR 1017 145.0

13Ba 25 30OR 1017 128.0

13Ba 36 30°R 1017 128.0

Arith. Mean ............... 133.70

Std. Deviation .............. 9.82

TENSILE NOTCH TESTS

88.96

3.56

127.0

128.0

135.0

130. 0

129.0

13 Ba 48 RT None

13Ba 49 RT None

13 Ba 51 RT None

13 Ba 57 RT None

13 Ba 60 RT None

111.0

111.0

110.0

105.0

104o 0

Arith. Mean ............... 108o20

Std. Deviation .............. 3.42

Ftun

None 142.0

None 156. 0

None 149.0

None 161.0

None 151.0

13 Ba 31 30°R

13 Ba 58 30°R

13 Ba 59 30°R

13 Ba 62 30°R

13 Ba 65 30°R

Arith. Mean ............... 151o 80

Std. Deviation .............. 7. 19

(q) 30OR 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

+50. 1

-11.5

(ksi)

+45. 6

+54.5

-0.1

-22.9

129.80

1.90

138.0

123.0

122.0

..... 127.70

..... 8.96

I. 14

1.13

1.12

1.14

1.16

..... 1.14

..... 0.01

+40.8

-2.1

Ftun/Ft u

+37.5

+44°2

+8.1

-12.3

+43.6 +37.0

+50.2

0.98

1.09

0.99

1.10

1.07

. . • . . 1.05

0°06

- 0.09 - 0.04

-0,14
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TABLE B 9 b

TEST RESULTS, ALUMINUM 7079 (T-6)

Fty/Ftu

0.93

0.94

O. 93

0.94

0.94

0. 88

0.90

0.90

0. 88

0.91

0.95

0. 96

0. 95

0. 936

O.894

0. 953

Elongation

(%)

12

13

12

10

10

11.4

5.8

5.3

29

26

3O

19

22

Reduction

of Area

(%)

25.2

5.8

4.3

Fracture

Stress

(ksi)

(e)
(e)
(e)

105. 0

102.0

155.0

152.0

158.0

155.0

147.0

150.0

137. 0

133.0

103.5

153o4

140.0

Tota I

Fast

FIux (a)

(n,,t)

Test Specimen

Temp Number

TENSILE TESTS

None RT 13Ba 1

None RT 13Ba 4

None RT 13Ba 6

None RT 13 Ba 20

None RT 13Ba 30

Arith. Mean

None 30OR 13Ba 10

None 30°R 13Ba 11

None 30°R 13Ba 15

None 30°R 13 Ba 18

None 3O°R 13Ba 27

Arith. Mean

1017 30°R 13Ba 22

1017 30°R 13Ba 25

1017 30°R 13Ba 36

....... Arith. Mean

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with 7.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB10a

TESTRESULTS,ALUMINUM7178(T-651)

SpecimenTest Total
Number Temp Fast,

Flux_a)
(nvt)

TENSILETESTS

10Bb 134 RT None
10Bb 138 RT None
10Bb 152 RT None
10Bb 153 RT None
10Bb 154 RT None

Test

Value

88.0

87° 8

85.8

88.2

88.6

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Vaiue

80.8

79.6

80. 1

81o0

80.9

Fty (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 87.68

Std. Deviation .............. 1.09

10 Bb 157 30°R None 132o0

10 Bb 158 30°R None 128.0

10 Bb 159 30°R None 129.0

10 Bb 161 30°R None 129.0

10 Bb 162 30°R None 127o0

Arith. Mean ...............

Std. Deviation ..............

10 Bb 135 30°R 1017 138.0

10 Bb 141 30°R 1017 130.0

10 Bb 143 30°R 1017 135.0

129.00

1.87

..... 80.48

..... 0.61

110,0

108.0

107.0

109.0

106. 0

Arith. Mean ............... 134.30

Std. Deviation .............. 4.04

TENSILE NOTCH TESTS

10 Bb 137 RT None 99.5

10 Bb 142 RT None 100.0

10 Bb 144 RT None 100.0

10 Bb 145 RT None 101.0

10 Bb 148 RT None 101o0

Arlth. Mean ...............

Std. Deviation ..............

10 Bb 62 30°R None 117.0

10 Bb 64 30°R None 135.0

10 Bb 65 30°R None 120.0

10 Bb 149 30°R None 133.0

10 Bb 169 30°R None 136.0

Arith. Mean ...............

Std. Deviation ..............

_) 30°R 1017

_) 30°R i017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

Ftun

100.30

0. 67

128o20

8.98

+41.3

+5.3

(ksi)

+27.9

+39.5

+43.1

-1.6

+12.2

+20.4

+35.4

• • . • •

127.0

118.0

119.0

. , . . .

, . . ° °

1.13

Io14

1.17

1.15

1.14

0.89

1.05

0.93

1o03

1o07

. . ° • •

108.00

1.58

121.30

4.88

+27.5

+13.3

Ftun/Ftu

I. 146

0. 005

0.994 - 0o 15

0.081

+26.1

+28°9

+7°7

+18.9

- 0.08

- 0.22
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TABLE B 10 b

TEST RESULTS, ALUMINUM 7178 (T-651)

Fty/Ftu

0.92

0.91

0.93

O. 92

0°91

O. 83

0.84

O. 83

0.84

O. 83

0.92

0.91

O. 88

0.918

0.834

Oo 903

Elonga tion

(%)

13

12

13

10

12

12.0

16

12

12

11

11

12.4

6°3

23

Reduction

of Area

(%)

21

25

21

24

15

13

13

12

12

22.8

13.0

4.3

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

140. 0

139. 0

136.0

138o 3

Total Test Specimen

Fast Temp Number
Flux (a)

(nvt)

TENSILE TESTS

None RT 10 Bb 134

None RT 10 Bb 138

None RT 10Bb 152

None RT 10 Bb 153

None RT 10 Bb 154

....... Arith. Mean

None 30°R 10 8b

None 30°R 10Bb

None 30°R 10 Bb

None 30°R 10Bb

None 30°R 10 Bb

157

158

159

161

162

....... Arith. Mean

1017 30°R 10Bb

1017 30°R 10 Bb

1017 30°R 10Bb

135

141

143

....... Arith. Mean

(e)o not recorded

(q). test deleted from screening program

(a). of neutrons with _.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B I I a

TEST RESULTS, ALUMINUM X-250 (T-4)

Specimen Test Total

Number Temp Fast.
Flux (a)

(nvt)

TENSILE TESTS

4 Ba 8 RT None

4 Ba 9 RT None

4 Ba 10 RT None

4 Ba 25 RT None

4 Ba 26 RT None

Test

Va Iue

58.7

60.5

59. 8

43.5

58.8

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Value

32.5

33.7

33.4

30.9

33.4

Fty (ks[)

Bias(b) Bias

Range (c)

Arith. Mean ............... 56.26

Std. Deviation .............. 7. 17

4Ba 16

4 Ba 27

4 Ba 29

4Ba 40

4Ba 41

30°R None 35. 9

30°R None 55.8

30°R None 54.4

30°R None 57.4

30°R None 44.2

Arlth. Mean ............... 49. 54

Std. Deviation .............. 9.21

4 Ba 12 30°R 1017 52.3

4 Ba 14 30°R 1017 42.7

4 Ba 23 30°R 1017 45.8

Arith. Mean ............... 46, 93

Std. Deviation .............. 4.90

• . • • •

• • • • •

(g)
49.5

47.3

50.3

(h, i)

32.78

1. 14

TENSILE NOTCH TESTS

4 Ba 6(P) RT None

4 Ba 15 RT None

4 Ba 17 RT None

4 Ba 19(P) RT None

4 Ba 20(I°) RT None

54.0

66. 7

65• 3

52. 7

54.0

Arith• Mean ............... 58• 54

Std. Deviation .............. 6.85

4 Ba 3 30°R None 51.4

4 Ba 4 30°R None 53.2

4Ba 5 30°R None 51.0

4 Ba 22 30°R None 54.7

4 Ba 30 30°R None 53.9

Arlth• Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std• Deviation ..............

52.84

-6.7

-2.6

Ftu n (ksi)

+3.4

-16. 9

+6.4

-11.7

• • • • °

• • • • •

(g)
(g)
(g)

• . • • °

• ° ° • •

0.92

I. 10

I. 09

1.2]

0.92

• ° • • .

• • • • °

49.03

1.55

(e)
(e)

Ftun/Ftu

1.048

0.127

+16.2

(_)

+14.2

+18.3

(e)
(e)

-5.7

1.59

+0.2

-11.6

1.43

0.95

0.94

0.95

1.22

° • • • •

• • , • •

• • • • °

1. 098

0. 646

+ 0.05 -0.50

+ 0.60

B-22



t

TABLE B 11 b

TEST RESULTS, ALUMINUM X-250 (T-4)

Fty/Ftu

0. 55

O. 56

0. 56

0.71

O. 57

0.89

0.87

0.88

(e)
(e)
(e)

.59O

.880

Elongation

(%)

20

23

19

(d)
(d)

nil

nll

nil

nil

nil

nil

nil

nil

20. 6

nil

nll

15

22

22

(d)
(d)

nil

nil

nll

nil

nil

nil

nll

nil

Reduction

of Area

(%)

19.6

nil

nil

Fracture

Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

35. 9

55. 8

54.4

57. 4

44.2

52.3

42.7

45. 8

49.54

46. 93

Tota I

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 4 Ba 8

None RT 4 Ba 9

None RT 4 Ba 10

None RT 4 Ba 25

None RT 4 Ba 26

....... Arlth. Mean

None 30°R 4Ba 16

None 30°R 4 Ba 27

None 30°R 4Ba 29

None 30°R 4Ba 40

None 30°R 4Ba 41

Arith. Mean

1017 30°R 4 Ba

1017 30°R 4Ba

1017 30°R 4Ba

12

14

23

....... Arith. Mean

(d). not available

(e). not recorded

(g). failed at less than .2% plastic strain

(h). failed outside of gage length

(i). casting defect at fracture

(p). failed outside notch

(q). test deleted from screening program

(a). of neutrons with _.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB 12 a

TEST RESULTS , ALUMINUM B-750 (T-5)

Specimen Test

Number Temp

TENSILE TESTS

Total

Fast

Flux (a)

(nvt) Test

Va I ue

Ftu (ksi)

6Ba 50 RT None 30.6

6Ba 64 RT None 29.8

6Ba 65 RT None 28.4

6Ba 67 RT None 28.8

6Ba 68 RT None 30.1

Bias(b) Bias

Range (c)

Test

Value

20.4

19.3

18.7

17.7

21.2

Fry (ksl)

Bias (b) Bias
Range (c)

Arith. Mean ............... 29.54

Std. Deviation .............. O. 89

6 Ba 69 30°R None 42.2

6Ba 71 30°R None 38.4

6Ba 72 30°R _one 45.4

6Ba 73 30°R None 44.5

6Ba 76 30°R None 42.4

Arith. Mean ...............

Std. Deviation ..............

6Ba 51 30°R 1017 44.3

1_ 17
6Ba 79 30°R 49.3

6Ba 81 30°R 1 17 45.0

42.58

2.72

+13.0 +10.7

+15.4

. . . . .

• , • . ,

24.6

23.6

27. 7

26. I

23.9

. . . . .

40.8

47.4

42.4

19.46

1.38

25.18

1.71

+5.7 +3.9

+7.6

Arith. Mean ............... 46. 20

Std. Deviation .............. 2.71

TENSILE NOTCH TESTS

6Ba 5 RT None

6Ba 14 RT None

6Ba 16 RT None

6Ba 33 RT None

6 Ba 43 RT None

+ 3.6 - 0.2

+7.5

Ftu n (ksi)

30.9

29.5

31.7

(o)
32.3

Arith. Mean ............... 31. 10

Std. Deviation .............. 1.21

6Ba 34 30°R

6Ba 44 30OR

6Ba 48 30°R

6Ba 49 30OR

6Ba 53 30°R

None 30.8

None 33.8

None 29.0

None (o)

None 31.0

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

31.15

1.98

+ 0.05 -2.2

+2.3

..... 43.53

..... 3.44

+18.3

Ftun/Ftu

+14.2

+22.5

1.01

O. 99

1.12

(o)

I. 07

• . • . .

. • • • •

0.730

0.880

0.639

_)
0.731

. . . . .

. . . . ,

1.048

0.070

0.745

0.100

. . . . .

. . . . .

- 0.30 -0.18

- 0.42

B-24



Q

TABLE B 12 b

TEST RESULTS, ALUMINUM B-750 (T-5)

O. 67

0.65

0.66

0.61

0.70

0o 58

0.61

0.61

0.59

0. 56

0.92

O. 96

0.94

Fty/Ftu

0o 658

0. 590

O. 940

Elongation

(%)

8

9

9

10

8

(d)
(d)
7

7

7

8.8

7.0

3.3

Reduction

of Area

(%)

10

9

16

9

10

(d)
3

2

6

5

nil

2

1

10.8

4.0

1o0

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

44.3

50.4

45. 6

(_)

46. 8

Total Test Specimen

Fast Temp Number
FI ux (a)

(nvt)

TENSILE TESTS

None RT 6 Ba 50

None RT 6 Ba 64

None RT 6 Ba 65

None RT 6 Ba 67

None RT 6 Ba 68

....... Arith. Mean

None 30°R 6Ba 69

None 30°R 6Ba 71

None 30°R 6Ba 72

None 30°R 6Ba 73

None 30°R 6Ba 76

....... Arith. Mean

1017 30°R 6Ba 51

1017 30OR 6Ba 79

1017 30°R 6Ba 81

....... Arith. Mean

(d)o not available

(e)o not recorded

(o). test results voided

(q)0 test deleted from screening program

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 13 a

TEST RESULTS, ALUMINUM A 356 (T-61)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

14 Ba 13 RT None

14 Ba 70 RT None

14Ba 85 RT None

14 Ba 92 RT None

14 Ba 95 RT None

Test

Va I ue

42.7

44.5

42.9

45.7

44.7

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Value

28.0

29. 3

31.5

31.2

31.6

i

Fry (ksl)

Bias (b) Bias .

Range (c)

Arith. Mean ............... 44. 10

Std. Deviation .............. 1.27

14 Ba 15

14 Ba 74

14 Ba 77

14 Ba 90

14 Ba 93

30°R None

30°R None

30°R None

30°R None

30°R None

59• 7

67. 5

75.6

65.3

54.6

Arith. Mean ...............

Std. Deviation ..............

14 Ba 10 30°R 1017 61.2

1_ 17
14 Ba 48 30°R 63.3

14 Ba 69 30°R 1 17 61.8

64.54

7. 97

Arith. Mean ............... 62.10

Std. Deviation .............. 1.08

• • • ° •

• ° ° • •

31.2

37. 2

43. 1

40. 5

35. 9

30.32

I._

TENSILE NOTCH TESTS

58. 2

53.3

51.4

49. 1

44.8

14 Ba 1 RT None

• 14 Ba 4 RT None

14 Ba 16 RT None

14 Ba 20 RT None

14 Ba 30 RT None

Arith. Mean ............... 51.36

Std. Deviation .............. 4.97

76. 7

61.8

58.9

67. 8

64.1

14 Ba 32 30°R None

14 Ba 35 30°R None

14 Ba 43 30°R None

14 Ba 46 30°R None

14 Ba 68 30°R None

Arith. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std. Deviation ..............

65. 86

6. 88

+20• 4

-2.4

Ftu n (ksi)

+14.5

+13.7

+27.2

+4.6

-9.5

+10.0

+19.0

• ° ° . •

. • • • •

47.0

46.0

45.4

. ° • • •

• • ° • •

1.36

1.20

1.20

1.07

1.00

• • • . •

• • • , •

1.28

O. 92

0.78

1.04

1.17

. . ° • .

• • ° • •

. • • . •

. • • . •

37. 58

4.55

46. 13

0.81

I. 166

0. 139

1. 038

0. 197

+7. 3

+8. 6

Ftun,/Ftu

-0. 13

+3.3

+11.3

+4.5

+12.6

+ 0.07

- 0.33
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TABLE B 13 b

TEST RESULTS, ALUMINUM A356 (T-61)

Fty/Ftu

0.66

0.66

0.73

0°68

0.71

0,52

0. 55

0o 57

0.62

0.66

0.77

0°73

O. 73

O. 688

O. ,584

O. 743

Elongation

(%)

14

15

12

17

15

12

12

15

12

7

9

7

10

14.6

11.6

8.7

14

18

10

29

21

16

10

12

7

2

B

6

10

Reduction

of Area

(%)

18.4

9.4

8.0

Fracture

Stress

(ksi)

49. 5

54.1

47.9

64.5

56. 6

71.1

75. I

86.0

70.5

55. 6

66.4

68.1

68.4

54.52

71.66

67. 63

Tota I

Fast
FIux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 14 Ba 13

None RT 14 Ba 70

None RT 14 Ba 85

None RT 14 Ba 92

None RT 14 Ba 95

Arith. Mean

None 30°R

None 30°R

None 30°R

None 30°R

None 30°R

14 Ba

14 Ba

14 Ba

14 Ba

14 Ba

15

74

77

9O

93

....... Arith. Mean

1017 30°R 14Ba

1017 30°R 14 Ba

1017 30°R 14 Ba

10

48

69

....... Arlth. Mean

(q). test deleted from screening program

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB14a

TESTRESULTS,TITANIUMALLOY55A(ANNEALED)

Specimen Test

Number Temp

TENSILE TESTS

1 Aa 126 RT

1 Aa 139 RT

1 Aa 155 RT

1 Aa 157 RT

1 Aa 158 RT

To ta I

Fast •

FIux(a)

(nvt)

None

None

None

None

None

Test

Value

66. 8

69.4

67. 0

65. 1

66. 7

Ftu (ks{)

B_as_) Bias

Range (c)

Test

Value

55.3

63.3

51.2

47.5

50. 4

Fty (ks_)

Bias(b) Bias

Range (c)

Arith. Mean ............... 67.00

Std. Deviation .............. 1.54

1Aa 160 30°R None 172.0

1Aa 191 30°R None 167.0

1Aa 192 30°R None 171.0

1Aa 193 30°R None 167.0

1Aa 194 30°R None 170.0

Arith. Mean ............... 169.40

Std. Deviation .............. 2.30

1Aa 138 30°R 1017 181.0

1Aa 144 30°R 1017 216.0

1Aa 148 30°R 1017 180.0

. • • • .

• • • • .

124.0

118.0

124.0

120.0

124.0

53. 50

6. 13

Arlth. Mean ............... 192.30

Std. Deviation .............. 20.50

TENSILE NOTCH TESTS

1 Aa 130 RT None

1 Aa 131 RT None

1 Aa 133 RT None

1 Aa 134 RT None

1 Aa 135 RT None

81,9

82.7

83.3

86. 4

87. I

Ari th . Mean ............... 84.28

Std• Deviation .............. 2.32

1 Aa 137 30OR None 161.0

1 Ao 140 30°R None 169.0

1 Aa 141 30°R None 158.0

1 Aa 146 30°R None 168.0

1 Aa 147 30°R None 180.0

Arith. Mean ............... 167• 20

Std. Deviation .............. 8.53

1 Aa 94 30°R 1017 195.0

1 Ao 183 30°R 1017 172.0

1 Aa 98 30°R 1017 195.0

Arith. Mean ............... 187.30

Std. Deviation .............. 13.28

Ftu n (ksi)

+102.4

+ 22.9

+ 82.9

+ 20.1

+100• I

+ 104.7

- 0.2

+ 46.0

+ 75•6

+90.3

2•2

+ 42.4

128.0

136. 0

131.0

• • • • .

• ° ° ° •

]°23

1.19

I. 24

I. 33

1.31

. . • • .

• • • • •

0. 94

1.01

0. 92

1.01

I. 06

. . • • •

. • . • •

1.08

0. 80

1.08

. ° ° ° •

• ° ° . °

122.00

2.83

131.70

4.04

i. 26

0. 06

0.99

0.06

0.99

0. 16

+68.5

+9•7

Ftun/Ftu

- 0.27

O. O0

+62.9

+74. 1

+4.5

+14.9

- 0.20

- 0.34

+ 0.26

- 0.26
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TABLE B 14 b

TEST RESULTS, TITANIUM ALLOY 55A (ANNEALED)

Fty/Ftu

0.83

0.91

0.76

0.73

0.76

0.72

0.71

0.73

0.72

0.73

0.71

0°63

0.73

0. 798

0. 722

O. 690

Elongation

(%)

31

25

31

33

(d)

(d)
33

(d)
34

33

(d)
32

36

62

59

63

65

(d)

30.0

(d)
54

(d)
51

54

33, 3

(d)
52

54

3Lo 0

Reduction

of Area

(%)

62.3

53.0

53.0

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

(_)

(e)

(_)

Total

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 1 Aa 126

None RT 1 Aa 139

None RT 1 Aa 155

None RT 1 Aa 157

None RT 1 Aa 158

....... Arith. Mean

None 30°R 1Aa

None 30°R 1Aa

None 30°R 1Aa

None 30°R 1Aa

None 30°R I Aa

160

191

192

193

194

....... Arlth. Mean

1017 30°R 1Aa

1017 30°R 1Aa

1017 30°R 1Aa

138

144

148

....... Arlth. Mean

(d). not available

(e). not recorded

(a). of neutrons with _.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence

B-29



TABLEB15a

TESTRESULTS,TITANIUM- 5AL- 2.5SN(ANNEALED)

Specimen Test Total

Number Temp Fast
Flux (°)

(nvt)

TENSILE TESTS

3 Aa 15 RT None

3 Aa 16 RT None

3 Aa 17 RT None

3 Aa 18 RT None

3 Aa 19 RT None

Test

Value

124.0

125.0

127.0

125.0

125. 0

Ftu (ksi)

Bias (b) Bias .

Range (c)

Test

Value

121.0

114.0

115.0

112.0

112.0

Fty (ksi)

Bias(b) Bias

Range (c)

Arith. Mean ............... 125.20

Std. Deviation .............. 1. 10

3 Aa 21 30°R None 229.0

3 Aa 29 30aR None 226.0

3 Aa 30 30°R None 225.0

3 Aa 54 30°R None 213.0

3 Aa 55 30°R None 231.0

Arlth. Mean ............... 224.80 +99. 6 + 93.7

. . . . .

. . . . .

205.0

215.0

(e)
201.0

200•0

114.80

3. 70

205.25 +90. 4

Std. Deviation .............. 7.01

3 Aa 52 30°R 1017 222.0

1_ 17
3 Aa 57 30°R 238.0

3 Aa 58 30OR 1 17 257.0

Arith. Mean ............... 239.00

Std. Deviation .............. 17.52

TENSILE NOTCH TESTS

+14.2

+105. 5

-6.4

+34.8

212.0

231.0

211.0

...••

.,.°.

6. 85

218.00

11.27

Ftu n (ks;) Ftun/Ftu

+77. 8

+87. 8
+82.8

3 Aa 1 RT None 168.0

3 Aa 2 RT None ]69.0

3 Aa 3 RT None 166• 0

3 Aa 4 RT None 164.0

3 Aa 5 RT None 167. 0

Arith. Mean ............... 166.80

Std. Deviation .............. 1.92

3 Aa 7 30OR None 257.0

3 Aa 8 30°R None 254.0

3 Aa 9 30°R None 247• 0

3 Aa 10 30°R None 247. 0

3 Aa 11 30°R None 243.0

Arith. Mean ............... 249.60

Std. Deviation .............. 5.73

3 Aa 13 30OR 1017 278.0

3 Aa 40 30°R l017 266.0

3 Aa 47 30°R 1017 275.0

Arith. Mean ............... 273•00

Std. Deviation .............. 6. 25

1.35

1.35

1.31

1.31

1.34

. . . . .

. . . • •

1.12

1.12

I. I0

1.16

1.05

• • • • •

I. 25

I. 12

1.07

+23.4 +14.8

+32.0

1.33

0.02

1.11

0.04

+12.7

- 0•22

. . . . •
I. 15

0.09

+ 0.04

+83. 2

+97. 6

-2.1

+27• 5

i

-0.18

- 0.26

- 0.07

+0.15
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TABLE B 15 b

TEST RESULTS, TITANIUM - 5 AL - 2.5 SN (ANNEALED)

0.98

0o91

0.91

0°90

0.90

0.90

O. 95

(e)
0.94

0.87

0.95

0. 97

0.82

Fty/Ftu

0.920

Elongation

(%)

(d)
23

(d)
24

23

23.3

13

(d)
12

Reduction

of Area

(%)

(d)
52

(d)
52

48

50.7

34

(d)
35

Fracture

Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

0o915

0.913

12

18

9

14

(d)

13.8

11.5

30

21

(_)
36

(d)

30. 0

36.0

298.0

(e)

(e)
(e)
(e)

(_)

298.0

(_)

Total

Fast

FIux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 3 Aa

None RT 3 Aa

None RT 3 Aa

None RT 3 Aa

None RT 3 Aa

15

16

17

18

19

....... Arlth. Mean

None 30°R 3 Aa

None 30°R 3 Aa

None 30°R 3 Aa

None 30°R 3 Aa

None 30°R 3 Aa

21

29

30

54

55

....... Arith. Mean

1017 30°R 3 Aa

1017 30°R 3 Aa

1017 30°R 3 Aa

52

57

58

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 16 a

TEST RESULTS, TITANIUM-5AL-2.5SN (ELI, ANNEALED)

Specimen Test Total

Number Temp Fast.
Flux _a)

(nvt)

TENSILE TESTS

8 Aa 4 RT None

8 Aa 9 RT None

8 Aa ] ] RT None

8 Aa 30 RT None

8 Aa 36 RT None

Test

Value

133• 0

130.0

130. 0

121.0

118•0

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Value

119.0

118.0

118.0

108.0

104.0

Fty (ksi)

Bias (b)

Arith. Mean ............... 126. 40

Std. Deviation .............. 6.50

8 Aa 18

8Aa 27

8 Aa 32

8 Aa 34

8Aa 35

30°R None 231.0

30°R None 236.0

30°R None 223.0

30°R None 227.0

30°R None 225.0

Arith. Mean ...............

Std. Deviation ..............

8 Aa 12 30°R 1017 223.0

8 Aa 24 30°R 1017 225.0

8 Aa 25 30°R 1017 222.0

228.40

• , • • .

• • • • •

203.0

225.0

213.0

217.0

213.0

113.40

6•91

5. 18

Arith. Mean ............... 223.30

Std. Deviation .............. 1.53

TENSILE NOTCH TESTS

165.0

154.0

149.0

145.0

154.0

8 Aa 3 RT None

8 Aa 5 RT None

8 Aa 20 RT None

8 Aa 4] RT None

8 Aa 42 RT None

Arlth. Mean ............... 153.40

Std. Deviation .............. 7.50

8 Aa 13 30°R None 272.0

8 Aa 43 30°R None 261.0

8 Aa 44 30°R None 267.0

8 Aa 45 30°R None 263.0

8 Aa 50 30°R None 273.0

Ftun

+ 102.0

(ksi)

5.1

+113.8

+ 95.1

+ ]08. 9

- 0.3

- 9.9

+ 106. 2

+121.4

214.20

..... 7.95

215.0

213.0

211.0

Ftun/Ftu

..... 213.00

..... 2.00

I. 24

I. 18

1.15

I. 20

1.31

..... 1.220

..... 0.063

1.18

1.11

I. 20

1.16

1.21

..... 1. 170

..... 0,040

1.19

I. 23

1.21

Arlth. Mean ............... 267•20

Std. Deviation .............. 5.31

8 Aa 10 30°R 1017 266.0

8 Aa 16 30°R 1017 277.0

8 Aa 21 30°R 1017 268.0

Arith. Mean ............... 270.00

Std• Deviation .............. 5.87
+ 2.8 - 5.2

+ 10,8

..... 1.210

..... 0.020

+100.8

1.2

0.05

0.04

Bias

Range (c)

+ 92.0

+ ]09. 6

+6.1

8.5
=

+ O.O0

+ O. 08
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TABLEB16b

TESTRESULTS,TITANIUM- 5AL- 2.5SN(ELI,ANNEALED)

Fty/Ftu

0o89
0.91
0.91
0.89
0.88

0.92
0.95
0.96
0.96
0.95

0.96
0.95
0.95

0°896

0.948

0.953

Elongation

(%)

12

19

13

18

18

(d)
(r)

8

I0

11

(d)
(d)
11

16.0

9.7

II.0

Reduction

of Area

(%)

4O

46

43

39

43

(d)
(0
33

32

32

(d)
(d)
31

42.2

32.3

31.0

Fracture

Stress

(ksl)

(e)
(e)
(e)

169.0

171.0

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

170.0

(_)

To ta I

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 8 Aa

None RT 8 Aa

None RT 8 Aa

None RT 8Aa

None RT 8 Aa

4

9

11

3O

36

....... Arith. Mean

None 30°R 8 Aa

None 30°R 8 Aa

None 30°R 8 Aa

None 30°R 8 Aa

None 30°R 8 Aa

18

27

32

34

35

....... Arith. Mean

1017 30°R 8 Ao

1017 30°R 8 Aa

1017 30°R 8 Aa

12

24

25

....... Arith. Mean

(d)o not avoi Ioble

(e). not recorded

(r). specimen necked-down but did not fail

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB17a

TESTRESULTS,TITANIUM- 6AL- 4V(ANNEALED)

Specimen Test Total

Number Temp Fast .
FIux (a)

(nvt)

TENSILE TESTS

2 Ac 2 RT None

2 Ac 3 RT None

2 Ac 4 RT None

2 Ac 5 RT None

2 Ac 6 RT None

Test

Value

145.0

142.0

143. 0

145.0

145.0

Ftu (ksi)

Bias(b) Bias

Range (c)

Test

Value

140. 0

135. 0

134.0

141.0

139.0

Fty (ksi)

Bias(b) Bias

Range (c)

Arith. Mean ............... 144.00

Std. Deviation .............. 1.41

2 Ac 1

2 Ac 9

2 Ac 10

2 Ac 12

2Ac 71

30°R None 249. 0

30°R None 264.0

30°R None 261.0

30°R None 263.0

30°R None 265. 0

Arlth. Mean ...............

Std. Deviation ..............

2 Ac 59 30°R 1017 265.0

2 Ac 61 30°R 1017 266.0

2 Ac 72 30°R 1017 290.0

260. 40

6. 54

228.0

230.0

253.0

255.0

250. 0

137. 80

3. 12

Arith. Mean ............... 273.70

Std. Deviation .............. 14. 15

TENSILE NOTCH TESTS

2 Ac 15 RT None

2 Ac 16 RT None

2 Ac 17 RT None

2 Ac ]8 RT None

2 Ac 19 RT None

185. 0

183.0

184.0

183. 0

187.0

Arith. Mean ............... 184.40

Std. Deviation .............. 1.67

2 Ac 21 30°R None 277.0

2 Ac 22 30°R None 289.0

2 Ac 23 30°R None 272.0

2 Ac 26 30°R None 283.0

2 Ac 27 30°R None 287.0

Arith. Mean ............... 281.60

Std. Deviation .............. 7. 06

2 Ac 58 30°R 1017 265.0

2 Ac 63 30°R 1017 301.0

2 Ac 65 30°R 1017 285.0

Arith. Mean ............... 283.67

Std. Deviation .............. 18. 04

Ftu n (ksi)

+116.4

+ 13.3

+ 97.2

+ 2.1

+110.8

+122.0

- 3.6

+ 30.2

+ 91.2

+103.2

19.1

+ 23.2

. . o • •

. • . , •

(e)
254.0

(e)

. . ° • •

• • • • •

1.28

1.29

1.29

1.26

1.29

. ° . • .

. • . • ,

1.11

1.28

1.03

1.07

1.10

. . . . .

. . ° • .

1.00

1.13

0.98

. . . . .

243. 20

13. 10

254.00

0.00

I. 28

0.01

1.12

0. 10

1.04

0.08

+105. 4

+ 10.8

Ftun/Ftu

- 0.16

0.08

+ 94.2

+116.6

0.08

0.24

+ 0.04

0.20
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TABLEB17 b

TEST RESULTS, TITANIUM - 6 AL - 4V (ANNEALED)

Fty,/Ftu

0.96

0. 95

0.94

0. 97

0.96

0. 92

0. 87

0.97

0.97

0. 94

0. 95

0. 957

0. 934

0.950

Elongation

(%)

13

14

14

14

(d)

10

7

7

7

7

13.8

7.6

5.7

48

43

42

47

(d)

3O

30

27

29

36

37

37

38

Reduction

of Area

(%)

45.0

30.4

37. 3

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

(e)

(_)

(_)

Tota I

Fast

FIux (a)

(nvt)

Test Speci men

Temp Number

TENSILE TESTS

None RT 2 Ac 2

None RT 2 Ac 3

None RT 2 Ac 4

None RT 2 Ac 5

None RT 2 Ac 6

Arith. Mean

None 30°R 2 Ac 1

None 30°R 2 Ac 9

None 30°R 2 Ac 10

None 30°R 2 Ac 12

None 30°R 2 Ac 71

....... Arlth. Mean

1017 30°R 2 Ac 59

1017 30°R 2 Ac 61

1017 30°R 2 Ac 72

....... Ari th. Mean

(d). not available

_). not mcorded

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB18a

TESTRESULTS,TITANIUM- 6AL-4V(AGED)

Specimen Test Total
Number Temp Fast

FIux(a)
(nvt)

TENSILE TESTS

2 Ao 2 RT None

2 AQ 3 RT _one

2 Aa 4 RT qone

2 Aa 5 RT None

2Aa 7 RT None

Ftu (ksi)

Test

Value

170.0

169.0

168.0

170.0

161.0

Bias (b) Bias

Range (c)

Fty (ksi)

Test

Value

161.0

161.0

155.0

160.0

156o0

Bias (b) Bias

Range (c)

Arith. Mean ............... 167. 60

Std. Deviation .............. 3.78

2 Aa 10 30°R qone 284.0

2 Ao 11 30°R None 277.0

2 Aa 13 30°R None 283.0

2 Aa 29 30°R None 281.0

2 Aa 30 30°R None 286.0

Arlth. Mean ...............

Std. Deviation ..............

2 Aa 43 30°R 1017 296.0

1172 Aa 44 30°R 0 303.0

2 Aa 77 30°R 1017 308.0

282.20

3.42

..... 158.60

..... 2.88

275.0

274.0

279.0

274.0

273.0

Arlth. Mean ............... 302.30

Std. Deviation .............. 6. 03

TENSILE NOTCH TESTS

2 Aa 60 RT None

2 Aa 61 RT None

2 Aa 62 RT None

2 Aa 63 RT None

2 Aa 64 RT None

+114.6

+ 20ol

+110.4

+118.8

+ 12.7

+ 27.5

• • • • •

• • • . .

281.0

294.0

305. 0

. . . . •

275.00

2.35

293.30

12.01

+116.4

+ 18.3

+113.3

+119.5

+ 4.7

+ 31.9

202°0

199, 0

201o0

204.0

203.0

Ftun

Arith. Mean ............... 20 h 80

Std. Deviation .............. 1.92

67 30°R

68 30°R

69 30°R

70 30°R

71 30°R

2 Aa

2 Aa

2 Aa

2 Aa

2 Aa

None 283.0

None 288.0

None 291.0

None 291.0

None 291.0

Arith. Mean ...............

Std. Deviation ..............

2 Aa 54 30°R 1017 292.0

2 Aa 56 30°R 1017 297.0

2 Aa 72 30°R 1017 296°0

288.80

3.49

Arith. Mean ............... 295.00

Std. Deviation .............. h 87

(ksl)

+ 87.0

+ 6.2

+ 83.7

+ 90.3

+ 2.5

+ 9.9

1.19

h18

I. 20

Io 20

1.26

. . . . °

. • • • •

I. 00

h 04

I. 03

I. 04

I. 02

1.21

0.03

..... I. 03

..... 0.02

0.99

0.98

0.96

. . . . .
0.98

0.02

Ftun/Ftu

0.18

0.05 - 0.03

0.07

B-36



4

TABLE B 18 b

TEST RESULTS, TITANIUM - 6 AL - 4V (AGED)

Fty/Ftu

0. 95

0. 95

0.92

0.94

0.97

0. 97

0.99

0°99

0. 98

0. 95

0. 95

0. 97

0.99

0.946

0. 976

O° 970

16

19

13

(d)
18

5

(d)
5

Elongation

(%)

16.5

6.4

5°0

Reduction

of Area

(%)

54

54

55

(d)
53

31

28

22

24

22

24

(a)
21

54.0

25.4

22.5

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

(_)

(_)

(e)

To ta I

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 2 Aa 2

None RT 2 Aa 3

None RT 2 Aa 4

None RT 2 Aa 5

None RT 2 Aa 7

....... Arith. Mean

None 30°R 2 Aa 10

None 30°R 2 Aa 11

None 30°R 2 Aa 13

None 30°R 2 Aa 29

None 30°R 2 Aa 30

Arith. Mean

1017 30°R 2 Aa 43

1017 30°R 2 Aa 44

1017 30°R 2 Aa 77

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 19 a

TEST RESULTS, TITANIUM- 8 AL- I MO- IV (ANNEALED)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

4 Aa 6 RT None

4 Aa 7 RT None

4 Aa 8 RT None

4 Aa 51 RT None

4 Aa 52 RT None

Test

Value

134.0

141.0

140• 0

136.0

139• 0

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Value

130.0

135.0

136. 0

128.0

130.0

Fry (ksi)

Bias( b )

Arith. Mean ............... 138.00

Std. Deviation .............. 2.92

4 Aa 1 30°R None 242•0

4 Aa 2 30°R None 243.0

4 Aa 3 30°R None 236.0

4 Aa 4 30°R None 236.0

4 Aa 5 30°R None 238.0

Arith. Mean ............... 239•00

Std. Deviation .............. 3.32

4 Aa 34 30°R 1017 264.0

I_ 17
4 Aa 38 30OR 259.0
4 Aa 43 30OR 1 17 262.0

. . . . •

220.0

236.0

217.0

224.0

224.0

131.80

3.49

Arith. Mean ............... 261.70

Std. Deviation .............. 2.52

TENSILE NOTCH TESTS

4 Aa 17 RT None

4 Aa 19 RT None

4 Aa 20 RT None

4 Aa 21 RT None

4 Aa 22 RT None

173.0

176.0

178. 0

174.0

174.0

Arith. Mean ............... 175.00

Std• Deviation .............. 2.00

4 Aa 23 30°R None 256.0

4 Aa 25 30°R None 280.0

4 Aa 27 30°R None 258.0

4 Aa 28 30°R None 270.0

4 Aa 29 30°R None 272.0

Arith. Mean ............... 267.20

Std. Deviation .............. 10.06

4 Aa 33 30 °R 1017 277.0

4 Aa 67 30°R 1017 292.0

4 Aa 68 30°R 1017 277.0

Arlth• Mean ............... 282•00

Std. Deviation .............. 8.66

Ftu n (ksi)

+101.0

+ 22.7

+ 92.2

+ 14.8

+ 97.3

+104.7

+ 18.7

+ 26.7

+ 83.7

+100.7

+ 1.7

+ 27.9

. • , . .

. . • . °

238• 0

247. 0

243• 0

. • ° • .

• . • • •

1.29

1.25

1.27

1.28

1.25

. . . • °

• • • • •

1.06

1o15

1.09

1.14

1. 14

• . ° . •

• o . • •

I. 05

I. 27

I. 06

• • . • •

224.20

7.22

242.70

4.51

I. 27

0.02

1. 12

0.01

1.13

0.12

Ftun/Ftu

+ 92.4

+ 18.5

0.15

0.01

Bias

Range(c)

+ 85.7

+ 99•I

+ 10.4

+ 26.6

0. 12

0.19

0.13

+ 0.15
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Q

Fty/Ftu

O. 97

O. 96

O. 97

0.94

0.94

0.91

O. 97

0.92

Oo95

0.94

0.90

O. 95

O. 93

TABLE B 19 b

TEST RESULTS, TITANIUM -8 AL- 1 MO- 1V (ANNEALED)

0.956

O. 938

0.927

Elongation

(%)

23

23

(d)
22

(d)

22. 7

(d)
(d)
(d)
(d)
(d)

(_)

5.7

Reduction

of Area

(%)

49

53

(d)
56

(d)

(d)
(d)
(d)
(d)
(d)

31

30

26

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

52.6

(e)
(e)
(e)
(e)
(e)

(e)

(e)
(e)
(e)

29. 0

(e)

(e)

(e)

Total Test Specimen

Fast Temp Number
Flux (°)

(nvt)

TENSILE TESTS

None RT 4 Aa 6

None RT 4 Aa 7

None RT 4 Aa 8

None RT 4 Aa 51

None RT 4 Aa 52

....... Arith. Mean

None 30°R 4 Aa 1

None 30°R 4 Aa 2

None 30°R 4 Ao 3

None 30°R 4 Aa 4

None 30°R 4 Aa 5

Arith. hAean

1017 30°R 4 Aa

1017 30 °R 4 Aa

1017 30 °R 4 Aa

34

38

43

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with _>.5 mev energy

(b). change in mean of test vaJue wlth respect to previous test condition

(c). with 90% confidence
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TABLE B 20 a

I

TEST RESULTS, NICKEL ALLOY RENE 41 (SOLUTION TREATED)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

7 Ca ] RT None

7 Ca 3 RT None

7 Ca 4 RT None

7 Ca 5 RT None

7 Ca 6 RT None

Test

Value

132.0

130. 0

130• 0

128• 0

131,0

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Value

63.3

(_)
62.6

62.2

64.7

Fty (ksi)

Bias(b)

Arith. Mean ............... 130• 20

Std. Deviation .............. 1.48

7 Ca 10 30OR

7 Ca 11 30°R

7 Ca 12 30°R

7 Ca 13 30°R

7 Ca 14 30°R

None 187.0

None 195.0

None 198.0

None 198•0

None 194.0

Arlth. Mean ............... 194.40

Std. Deviation .............. 4•51

7 Ca 8 30°R 1017 197o0

7 Ca 36 30°R 1017 197.0

7 Ca 40 3OaR 1017 190•0

Arith. Mean ............... 194• 70

Std. Deviation .............. 4.04

• • • • •

96.8

115o0

111.0

112.0

103.0

63.20

I. 10

TENSILE NOTCH TESTS

7 Ca 44 RT None

7 Ca 45 RT None

7 Ca 46 RT None

7 Ca 49 RT None

7 Ca 50 RT None

145.0

143.0

141.0

141o0

144.0

Ftun

Arith. Mean ............... 142.80

Std. Deviation .............. 1o79

7 Ca 52 30°R None 208,0

7 Ca 53 30°R None 202.0

7 Ca 54 30°R None 207.0

7 Ca 55 30°R None 204.0

7 Ca 56 30°R None 203.0

Arith. Mean ...............

Std. Deviation ..............

7 Ca 29 30°R 1017 195.0

7 Ca 31 30°R l017 199.0

7 Ca 37 30°R 1017 188.0

204.80

2.59

ArHh. Mean ............... 194.00

Std. Deviation .............. 5. 57

+64.2

+0.3

(ksi)

+62.0

-10.8

+60.3

+68. 1

-5.7

+6.3

+59. 4

+64.6

-4.2

-17.4

114.0

115.0

111.0

. . . . .

. ° ° ° •

I. I0

I. I0

I. 08

1.10

I. I0

• • • , •

• • • • •

1.11

I. 04

1.05

I. 03

1.05

. . ° , •

• ° ° _ •

•99

1.01

.99

. . . , .

107. 60

7. 47

113.30

2°08

1.10

0.01

I. 06

0.03

I. O0

0.01

Ftun/Ftu

+44.4

+5.7

- 0.04

- 0.06

Bias

Range (c)

+38.0

+50.8

- 1,2

+12.6

- 0.01

- 0.07

- 0.03

- 0.09
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TABLE B 20 b

TEST RESULTS, NICKEL ALLOY RENE 41 (SOLUTION TREATED)

Fty/Ftu

0.48
(o)
0.48
0. 49
0.49

0.52
0.59
0. 56
0. 57
0.53

0.58
0.58
0.58

0. 485

0. 554

0.580

Elongation

(%)

_)
52
55
55
57

(d)
(d)
59
(,:1)
62

57
53

(d)

54.8

60.5

55.0

(d)
62
59
62
60

(d)
(d)
49

(d)
52

51
45
(d)

Reduction
of Area

(%)

60.8

50.5

48.0

Fracture
Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

401• 0

(e)
(e)

(e)

(e)

401.0

Total
Fast
Flux (a)

(nvt)

Test Specimen
Temp Number

TENSILE TESTS

None RT 7 Ca 1
None RT 7 Ca 3
None RT 7 Ca 4
None RT 7 Ca 5
None RT 7 Ca 6

Arith. Mean

None 30OR 7 Ca 10
None 30OR 7 Ca 11
None 30°R 7 Ca 12
None 30°R 7 Ca 13
None 30°R 7 Ca 14

....... Arith. Mean

1017 30OR 7 Ca 8
1017 30OR 7 Ca 36
1017 30°R 7 Ca 40

....... Arlth. Mean

(d). not available

(e). not recorded

(a). of neutrons with ).5 mev energy

(lo). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 21 a

TEST RESULTS, NICKEL ALLOY K MONEL (AGED)

Specimen Test

Number Temp

TENSILE TESTS

1 Fb 1 RT

1 Fb 2 RT

1 Fb 3 RT

1 Fb 4 RT

1 Fb 5 RT

Total

Fast

Flux (a)

(nvt) Test

Value

Ftu (ksi)

None 154.0

None 155.0

None 154.0

None 154.0

None 154•0

Bias (b) Bias

Range(C) i

Fty (ksl)

Test Bias (b) Bias

Va Iue Range (c)

97. 5

97. 1

98.0

99. 8

96. 6

Arlth. Mean ...............

Std. Deviation ..............

1 Fb 6 30°R None 184.0

1 Fb 7 30OR None 191.0

1 Fb 8 30°R _lone 192.0

1 Fb 9 30°R None 184.0

1 Fb 11 30°R None 185.0

154.20

0.45

Arith. Mean ............... 187. 20

Std. Deviation .............. 3.96

1Fb 12 30°R 1017 188.0

1Fb 30 30°R 1017 189.0

1Fb 38 30°R 1017 188.0

+33.0 +29,7

• • • • •

121o0

124.0

123.0

118.0

121.0

97.80

I. 23

121.40 +23.6

Arlth. Mean ............... 188• 30

Std. Deviation .............. 0.58

TENSILE NOTCH TESTS

1Fb 15 RT None

1Fb 17 RT None

1Fb 18 RT None

1Fb 19 RT None

1Fb 20 RT None

178o0

177.0

179.0

179.0

189o0

Ftun

Arith• Mean ............... 180.40

Std. Deviation .............. 4.88

1 Fb 22 30°R None 210.0

1 Fb 23 30°R None 211.0

1 Fb 24 30°R None 212.0

1 Fb 25 30°R None 207. 0

1 Fb 26 30°R None 210.0

Arith. Mean ............... 210.00

Std. Deviation .............. 1.87

1Fb 27 30°R 1017 207.0

1Fb 40 30°R 1017 210.0

1Fb 45 30°R 1017 217.0

Arith. Mean ............... 211•30

Std• Deviation .............. 5. 13

(ksi)

+1.1

+29.6

+1.3

+36.3

-2.4

+4.6

+25.3

+33.9

-4.7

+7.3

141o0

138.0

137.0

• • • ° •

1.16

1.14

1.16

1.16

I. 23

1.14

I. 10

Io10

1.13

1.14

I. I0

I. II

1.15

• • • ° •

2• 30

138.67

2.08

+17.3

Ftun/Ftu

1.17

0.03

1.12 - 0.05

0.02

1.12 0.00

0.03

+21.4

+25.8

+14.2

+20.3

- 0.02

- 0.08

- 0.04

+ 0°04
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TABLE B21 b

TEST RESULTS, NICKEL ALLOY K MONEL (AGED)

0.63

0.63

0.64
0.65

0.63

0.66
0.65

0.64
0.64

0.65

0.75

0.73
0.73

Fty/Ftu

0. 636

O. 648

O. 737

Elongation

(%)

(a)
27
27
3O
28

34
28

(d)
32

34

34
32
33

28.0

32.0

33. 0

Reduction
of Area

(%)

(d)
55
55
56
51

55
55
(d)
54
55

50
52
52

54.3

54.8

51.3

Fracture
Stress
(ksl)

(e)
(e)
(e)
(=)
(e)

(e)
(e)
(e)
(e)
(e)

329. 0
365.0
323.0

(e)

339. 0

Tota I
Fast
FIux (a)

(nvt)

Test Specimen
Temp Number

TENSILE TESTS

None RT 1 Fb 1
None RT 1 Fb 2
None RT 1 Fb 3
None RT 1 Fb 4
None RT 1 Fb 5

....... Arith. Mean

None 30°R 1 Fb 6
None 30°R 1 Fb 7
None 30°R 1 Fb 8
None 30°R 1 Fb 9
None 30°R 1 Fb 11

....... Arith. Mean

1017 30°R 1Fb 12
1017 30°R 1Fb 30
1017 30°R 1Fb 38

....... Arlth. Mean

(d). not available

(e). not recorded

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 22 a

TEST RESULTS, NICKEL ALLOY INCONEL _COLD DRAWN)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

2 Fb I RT None

2 Fb 2 RT None

2 Fb 3 RT None

2 Fb 4 RT None

2 Fb 5 RT None

Test

Va Iue

139. 0

139. 0

137.0

137.0

139.0

Ftu (ksl)

Bias (b) Bias

Range (c)

Test

Value

134.0

130.0

(e)
130, 0

132.0

Fty (ksl)

Bias (b)

Arith. Mean ............... 138.20

Std. Deviation .............. 1.10

2 Fib 7 30°R

2 Fb 8 30°R

2 Fb 10 30°R

2 Fb 77 30°R

2 Fb 78 30°R

None 190.0

None 191.0

None 184.0

None 185. 0

None 182.0

Arith. Mean ............... 186. 40

Std. Deviation .............. 3.91

2 Fb 68 30OR 1017 186.0

2 Fb 69 30°R 1017 204.0

2 Fb 84 30°R 1017 183o0

181.0

180.0

172.0

176.0

170.0

131.50

1.91

Arlth. Mean ............... 191.00

Std. Deviation .............. 11,36

TENSILE NOTCH TESTS Ftun

2 FB 30 RT None 181.0

2 Fb 31 RT None 179.0

2 Fb 32 RT None 18 I, 0

2 Fb 33 RT None 176. 0

2 Fb 34 RT None 178.0

Arlth. Mean ............... 179.00

Std. Deviation .............. 2. 12

2 Fb 70 30°R None 223.0

2 Fb 71 30°R None 213o0

2 Fb 72 30°R None 227° 0

2 Fb 73 30°R None 224.0

2 Fb 74 30°R None 225. 0

Arith. Mean ............... 222.40

Std. Deviation .............. 5. 46

2 Fb 11 30°R 1017 233.0

2 Fb 14 30°R 1017 238.0

2 FB 37 30°R 1017 241.0

Arlth. Mean ............... 237.30

Std. Deviation .............. 4.04

+48.2

+4.6

(ks[)

+43.4

+14.9

+44.8

+51.6

-8.6

+17.8

+38.5

+48.3

+8.3

+21.5

. . . . .

174.0

189. 0

174.0

. . . • •

I. 30

I, 29

I. 32

I. 28

I. 28

. . . . .

1.17

1.12

I. 23

1.21

I. 24

. . . . .

1.25

Io17

I. 32

175.80

4.82

179.00

8.66

1.29

0.02

1.19

0.05

+44.3

+3.2

Ftun/Ftu

1.25

0.08

-0.10

+ 0.06

Bias

Range (c)

+39° 9

+48.7

-7°4

+13.8

- 0.06

~0.14
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TABLE B22 b

TEST RESULTS, NICKEL ALLOY INCONEL (COLD DRAWN)

Fty/Ftu

0. 96
0.94
(e)

0. 95
0.95

0.95
0.94
0. 93
0.95
0.93

O. 94
0. 93
0.95

0. 950

0. 940

0. 940

Elongation

(%)

(d)
15
13
13
14

15
24
22
19

(d)

27
25
23

13.8

20. 0

25. 0

(d)
55
56
53
55

57
57
56
54

(d)

Reduction
of Area

(%)

52
52
49

54.8

56. 0

51.0

Fracture
Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

356. 0
371.0
331.0

(_)

(_)

352.7

Total
Fast
FIux (a)

(nvt)

Test

Temp
Specimen
Number

TENSILE TESTS

None RT
None RT
None RT
None RT
None RT

2Fb
2Fb
2 Fb
2Fb
2 Fb

....... Arith. Mean

None 30°R 2 Fb 7
None 30°R 2 Fb 8
None 30°R 2 R0 10
None 30°R 2 Fb 77
None 30°R 2 Fb 78

....... Arlth. Mean

1017 30°R 2Fb 68
1017 30°R 2Fb 69
1017 30°R 2Fb 84

....... Arith. Mean

(e). not recorded

(a). of neutrons with ).5 mev energy

(10). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 23 a

TEST RESULTS, NICKEL ALLOY INCONEL X (AGED)

Specimen Test

Number Temp

TENSILE TESTS

3 Fo 9 RT

3 Fa 21 RT

3 Fa 18 RT

3 Fa 20 RT

3 Fa 24 RT

To ta I

Fast,
Flux (a)

(nvt)

None

None

None

None

None

Ftu (ksi)

Test

Value

198• 0

199. 0

199• 0

205• 0

202.0

Bias (b) Bias

Range (c)

Fry (ksi)

Test

Value

144.0

143.0

144.0

139. 0

141.0

Bias(b) Bias

Range (c)

Arith. Mean ............... 200. 60

Std. Deviation .............. 2. 89

3 Fa 5 30°R None 251.0

3 Fa 10 30°R None 248• 0

3 Fa 14 30°R None 248.0

3 Fa 17 30°R None 250. 0

3 Fa 19 30°R None 219•0

Arith• Mean ...............

Std. Deviation ..............

3 Fa 22 30°R 1017 236.0

3 Fa 38 30°R 1017 253.0

3 Fa 42 30°R 1017 234.0

243.20

13.59

..... 142.20

..... 2.17

160.0

156.0

156.0

156.0

126.0

Arlth. Mean ............... 241.00

Std• Deviation .............. 10.44

TENSILE NOTCH TESTS

198.0

196.0

196•0

209. 0

3 Fa 49 RT None

3 Fa 50 RT None

3 Fa 51 RT None

3 Fa 54 RT None

RT None

Ftun

Arith. Mean ............... 199o75

Std. Deviation .............. 6. 23

3 Fa 46 30°R None 241.0

3 Fa 47 30°R None 261.0

3 Fa 48 30°R None 248.0

3 Fa 53 30°R None 259. 0

3 Fa 56 30°R None 240. 0

Arith• Mean ............... 249.80

Std. Deviation .............. 9• 83

3 Fa 43 30°R 1017 232.0

3 Fa 52 30°R 1017 229.0

3 Fa 55 30°R 1017 230.0

Arith. Mean ............... 230°30

Std• Deviation .............. 1• 53

+42. 6

-2.2

(ksi)

+50. 1

-19.5

+31. I

+54.1

+14.4

-18.8

+39.8

+60.3

-10.8

-28.2

• • ° • •

159.0

163.0

162.0

• . ° ° •

1.00

0. 98

0. 98

1.02

• • • • •

O. 96

Io 05

1.00

I, 04

I. 10

• • • • •

0• 98

0.91

0o 98

. . • • •

• • • • •

150•80

13.97

161.30

2•08

+8.6

+10•5

Ftun/Ftu

0.99

0.02

1.03 + 0.05

0.05

0.96 - 0.07

0.04

-3.1

+20. 3

-1.9

+22.9

+ 0.00

+ 0. I0

- 0o01

-0.13
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TABLE B23 b

TEST RESULTS, NICKEL ALLOY INCONEL X (AGED)

Fty/Ftu

0.73
0.72
0.72
0.68
0.70

0.64

0.63
0.63
0.62
0.58

0. 67
0.64
0. 69

0.710

O. 620

0. 667

Elongation

(%)

(d)
26

(d)
25
25

32
32
31
38
32

3O
29
28

25. 3

33.0

29. 0

Reduction
of Area

(%)

(a)
52

(a)
52
53

44
45
46
47
46

43
36
33

52.3

45. 6

37. 3

Fracture
Stress
(ksl)

(e)
328. 0

(e)
(e)
(e)

432.0
406.0
448.0
428.0
395.0

400. 0
383.0
350.0

328. 0

421.8

377. 7

Total
Fast
Flux(a)

(nvt)

Test Specimen
Temp Number

TENSILE TESTS

None RT 3 Fa 9
None RT 3 Fa 21
None RT 3 Fa 18
None RT 3 Fo 20
None RT 3 Fa 24

....... Arith. Mean

None 30OR 3 Fa 5
None 30°R 3 Fa 10
None 30°R 3 Fa 14
None 30OR 3 Fa 17
None 30OR 3 Fa 19

....... Arith. Mean

1017 30°R 3 Fa
1017 30OR 3 Fa
1017 30OR 3Fa

22
38
42

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with ).5 mev energy

(10). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 24 a

TEST RESULTS, 304 STAINLESS STEEL (ANNEALED)

Specimen Test

Number Temp

TENSILE TESTS

2 Cb 97 RT

2 Cb 207 RT

2 Cb 212 RT

2 Cb 214 RT

2 Cb 241 RT

Total

Fast

Flux (a)

(nvt)

None

None

None

None

None

Test

Value

96. 3

94.9

95. 3

93.5

95. 7

Ftu (ksl)

Bias(b) Bias

Range (c)

Test

Value

37.5

35.7

36.4

37. 6

36. 6

Fty (ksi)

Bias (b)

Arith. Mean ............... 95. 14

Std. Deviation .............. 1.05

2 Cb 215 30°R None 244.0

2 Cb 218 30°R None 270.0

2 Cb 220 30°R None 215.0

2 Cb 234 30°R None 232.0

2 Cb 238 30°R None 249.0

Arith. Mean ............... 242.00

Std. Deviation .............. 20.41

2 Cb 229 30°R 1017 254.0

2 Cb 265 30°R 1017 260.0

2 Cb 245 30°R 1017 267.0

Arith. Mean ............... 260.33

Std. Deviation .............. 6. 51

TENSILE NOTCH TESTS

. . . . °

• • . • •

40° 4

46.5

25, 4

43. 1

42.7

36.76

0.83

2 Cb 95 RT None

2 Cb 211 RT None

2 Cb 216 RT None

2 Cb 222 RT None

2 Cb 231 RT None

99.4

103.0

109. 0

92.7

110.0

Arith. Mean ............... 102.82

Std. Deviation .............. 7. 14

2 Cb 233 30°R None 163.0

2 Cb 235 30°R None 189.0

2 Cb 244 30°R None 208.0

2 Cb 246 30°R None 150.0

2 Cb 247 30°R None 257.0

Arith. Mean ............... 193.40

Std. Deviation .............. 42.09

2 Cb 292 30°R 1017 197o0

2 Cb 295 30°R 1017 148.0

2 Cb 299 30°R 1017 175.0

Arhfl. Mean ............... 173.30

Std. Deviation .............. 24.54

+146.9

+ 18.3

Ftu n (ksi)

+ 90.6

- 20.1

+129.9

+163.9

0.8

+ 37.5

+ 55.1

+126. 1

+ 25.7

- 65.9

..... 39.62

..... 8.24

50.0

52.4

53.3

..... 51.90

..... 1.71

1.03

1,09

1.14

0.99

1, 15

..... 1.08

..... 0.07

0, 67

0,70

0, 97

0, 65

l° 03

..... Oo80

..... 0.18

0o 78

0o 57

O°66

+2.9

+12.3

Ftun/Ft u

- 0.28

-0.13..... O. 67

..... 0.11

Bias

Range (c)

-4.0

+9.8

+4.9

+19.7

-0.12

- 0.44

+ 0°07

- 0.33
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TABLE B24 b

TEST RESULTS, 304 STAINLESS STEEL (ANNEALED)

Fty/Ftu

O.39

O.38
O.38
O.40
O. 38

0.17
0. 17
0.12
0. 19
0.17

0.20

0.20

0.20

0. 386

0.164

0. 200

EIongafi on

(%)

8O
77
77

(d)
72

37
36
36
32
31

(d)
35
32

Reduction
of Area

(%)

81
81
82

(d)
81

76. 5

27
42
45
57
21

34.4

(d)
35
22

33. 5

Fracture
Stress

(ksi)

(o)
(o)
(e)
(e)
(e)

81.3

(e)
(e)
(e)
(e)
(e)

38. 4

(e)
(e)
(e)

28. 5

Tota I
Fast

FIux (a)

(nvt)

Test

Temp

TENSILE TESTS

None RT
None RT
None RT
None RT
None RT

Specimen
Number

e) ° ° ° ° ° ° °

2 Cb 97
2 Cb 207
2 Cb 212
2 Cb 214
2 Cb 241

Arith. Mean

None 30OR 2 Cb 215
None 30°R 2 Cb 218
None 30°R 2 Cb 220
None 30°R 2 Cb 234
None 30°R 2 Cb 238

_) ° ° ° ° ° ° °

1017 30OR
1017 30°R
1017 30°R

(_)

Arlth. Mean

2 Cb 229
2 Cb 265
2 Cb 245

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with >.5 mev energy

(Io). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 25 a

TEST RESULTS, 310 STAINLESS STEEL (ANNEALED)

Specimen Test Total

Number Temp Fast
FIux (a)

(nvt)

TENSILE TESTS

3 Cb 4 RT None

3 Cb 5 RT None

3 Cb 15 RT None

3 Cb 32 RT None

3 Cb 33 RT None

Test

Value

78. 6

82.8

84.9

87.0

91.2

Ftu (ksi)

Bias (b) Bias

Range (c)

Test

Value

59. 9

61.4

58. 8

65. 3

67. 8

Fty (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 84.90

Std. Deviation .............. 4.70

3 Cb

3 Cb

3 Cb

3 Cb

3 Cb

34 30°R

64 30°R

65 30°R

67 30°R

68 30°R

None 206.0

None 212.0

None 217.0

None 215.0

None 211.0

Arith. Mean ...............

Std. Deviation ..............

3 Cb 37 30°R 1017 202.0

3 Cb 39 30°R 1017 208.0

3 Cb 66 30°R 1017 246°0

212.20

4.21

Arith. Mean ............... 218.67

Std. Deviation .............. 23.86

..... 62.64

...... 3.79

132.0

141.0

142.0

138. 0

136. 0

TENSILE NOTCH TESTS

3 Cb 16 RT None

3 Cb 17 RT None

3 Cb 18 RT None

3 Cb 19 RT None

3 Cb 20 RT None

110.0

117.0

112.0

112.0

111.0

Arith. Mean ............... 112.40

Std. Deviation .............. 2.70

+127.3

30°R None 161.2

30°R None 158.0

30°R None 161.0

30°R None 222.0

30°R None 241.0

3 Cb 23

3 Cb 24

3 Cb 26

3 Cb 28

3 Cb 59

Arlth. Mean ............... 188.64

Std. Deviation .............. 39.72

3 Cb 51 30°R 1017 204.0

3 Cb 58 30°R 1017 222.0

3 Cb 62 30°R 1017 228.0

Arith. Mean ............... 218.00

Std. Deviation .............. 12.49

+ 6.5

+122.1

+132.5

- 20.5

+ 33.5

. . . . o

116.0

132.0

159.0

137.80

4.03

135. 67

21.73....o

Ftu n (ksi) Ftun/Ftu

+ 76.2

+ 29.4

I. 40

Io41

I. 32

I. 29

I. 22

. . . . .

. . . . .

Oo78

O. 75

O. 74

1.03

1.14

1.01

I. 07

O. 93

. . . . .

i . • . . •

+ 43.1

+ 109.3

- 7.9

+ 66.6

1.33

0. 08

0.89

0.19

I. O0

0.07

+75.2

-2.1

- 0.44

+0.12

+70.6

+79. 8

+22° 5

-26. 8

- 0.27

- 0.61

- 0°06

+ 0.29
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TABLEB25b

TESTRESULTS,310STAINLESSSTEEL(ANNEALED)

0.76
0.74
0.69
0.75
0.74

0.64
0.67
0.65
0.64
0.64

0.57
0.63
0.65

Fty/Ftu

0.736

0.648

0o 617

Elongation

(%)

44

(d)
42

42

43

43

43

44

42

42

47

5O

48

42.8

42.8

48.3

Reduction

of Area

(%)

79

(d)
80

78

79

59

57

54

55

56

28

17

20

79. 0

56. 2

21.7

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

501.0

474.0

463.0

445. 0

427.0

279. 0

250.0

307. 0

462.0

278.7

Tota I

Fast

Flux (a)

(nvt)

Test

Temp

Specimen
Number

TENSILE TESTS

None RT

None RT

None RT

None RT

None RT

3 Cb

3 Cb

3 Cb

3 Cb

3 Cb

4

5

15

32

33

....... ArHh. Mean

None 30°R 3 Cb

None 30°R 3 Cb

None 30°R 3 Cb

None 30°R 3 Cb

None 30°R 3 Cb

34

64

65

67

68

....... Arith. Mean

1017 30°R 3 Cb

1017 30°R 3 Cb

1017 30°R 3 Cb

37

39

66

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 26a

TEST RESULTS, 347 STAINLESS STEEL (ANNEALED)

Specimen Test

Number Temp

TENSILE TESTS

Total

Fast

Flux (a)

(nvt)

4 Cb 2 RT None

4 Cb 5 RT None

4 Cb 6 RT None

4 Cb 7 RT None

4 Cb 9 RT None

Ftu (ksl) Fty (ksi)

Test Bias (b) Bias Test Bias (b) Bias

Value Range (c) Value Rang e(c)

93.9

94.5

95. 1

94.6

94.4

44.3

43.4

42.7

44.5

43.6

Arith. Mean ............... 94.50

Std. Deviation .............. 0.43

4 Cb 30 30°R None 233.0

4 Cb 31 30°R None 243.0

4 Cb 32 30°R None 234.0

4 Cb 33 30°R None 243.0

4 Cb 34 30°R None 234.0

Arith• Mean ...............

Std, Deviation ..............

4 Cb 39 30°R 1017 278.0

4 Cb 43 30°R 10 ]7 228.0

4 Cb 44 30°R 1017 246.0

237.40

5.13

Arlth. Mean ............... 250.70

Std. Deviation .............. 25.33

. . . . °

• . • • °

57. 6

47. 5

51.2

51.8

51.4

43.70

0.73

||

TENSILE NOTCH TESTS

None 123.0

None 108.0

None 1]0.0

None 119.0

None 109.0

4 Cb 15 RT

4 Cb 16 RT

4 Cb 17 RT

4 Cb 18 RT

4 Cb 19 RT

Arlth. Mean ............... 113.80

Std. Deviation .............. 6. 76

163.0

231.0

230.0

220.0

227.0

4 Cb 20 30°R None

4 Cb 21 30°R None

4 Cb 22 30°R None

4 Cb 23 30°R None

4 Cb 24 30°R None

Arlth. Mean ............... 214.20

Std. Deviation .............. 28.94

4 Cb 27 30°R 1017 224.0

4 Cb 54 30°R 1017 248.0

4 Cb 56 30°R 1017 242.0

Arith. Mean ............... 238.00

Std. Deviation .............. 12.49

+142.9

+ 13.3

+138.6

+ 147. 2

- 15.5

+ 42.1

. . , . ,

• . • • .

69.9

60.7

61.4

51.90

3.63

64.00

5.12

Ftu n (ksi) Ftun/Ftu

+100.4 + 75.7

+125. 1

I. 08

1.14

1.16

I. 26

1.15

. . ° • •

• • ° • .

0. 70

0. 95

0.98

0.91

0.97

. • • . •

• • • • •

1. 158

0. 065

+ 23.8

0. 902

0.81

1.09

0. 98

0.116

..... 0. 960

..... 0. 141

+ 8.20

+12. 10

- 0.26

+ 0.06

+5,1

+11.3

+5.5

+18.7

-0.15

- 0.37

- 0.04

+0.15
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TABLE B 26 b

TEST RESULTS, 347 STAINLESS STEEL (ANNEALED)

Fty/Ftu

0.47

0.46

0.45

0.47

0.46

0.25

0.20

O. 22

0.21

0. 22

0o 25

0.27

0.25

0.462

O. 220

0. 257

Elonga t l on

(%)

6O

(d)
6O

61

6O

43

42

36

(d)
44

(d)
37

(d)

60.3

41.3

37. 0

Reduction

of Area

76

(d)
77

75

78

28

46

52

(d)
49

(d)
55

(d)

76. 5

43.8

55. 0

(%)

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

(_)

Total

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 4 Cb 2

None RT 4 Cb 5

None RT 4 Cb 6

None RT 4 Cb 7

None RT 4 Cb 9

....... Afith, Mean

None 30°R 4 Cb 30

None 30°R 4 Cb 31

None 30°R 4 Cb 32

None 30°R 4 Cb 33

None 30°R 4 Cb 34

....... Arith. Mean

1017 30°R 4 Cb 39

1017 30°R 4 Cb 43

1017 30°R 4 Cb 44

....... Arlth. Mean

(d). not available

(e). not recorded

(at. of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB27a

TESTRESULTS,A286STAINLESSSTEEL(AMS5735)

Specimen Test Total

Number Temp Fast.
Flux (a)

(nvt)

TENSILE TESTS

6 Ca 1 RT None

6 Ca 2 RT None

6 Ca 3 RT None

6 Ca 4 RT None

6 Ca 5 RT None

Test

Value

157•0

158.0

157.0

153.0

155.0

Ftu (ksi)

Bias _) Bias

Range (c)

Test

Value

116.0

111.0

113.0

111.0

110.0

Fty (ksl)

Bias (b) Bias

Range (c)

Arith. Mean ............... 156.00

Std. Deviation .............. 2. O0

6 Ca 6 30°R

6 Ca 7 30°R

6 Ca 8 30°R

6 Ca 9 30°R

6 Ca 10 30°R

None 248•0

None 230•0

None 230•0

None 230•0

None 237•0

Arith. Mean ...............

Std. Deviation ..............

6 Ca 12 30°R 1017 230.0

6 Ca 31 30°R 1017 229. 0

6 Ca 34 30°R 1017 228.0

235•00

7.87

• • • . •

• 0 • • .

152.0

149.0

148. 0

148. 0

151.0

112.20

2.39

Arith. Mean ............... 229•00

Std. Deviation .............. 1.00

TENSILE NOTCH TESTS

6 Ca 33 RT None

6 Ca 36 RT None

6 Ca 37 RT None

6 Ca 38 RT None

6 Ca 39 RT None

179. 0

181.0

182. 0

180. 0

183• 0

Arith. Mean ............... 181.00

Std. Deviation .............. 1.58

6 Ca 51 30°R None 215.0

6 CQ 49 30°R None 209•0

6 Ca 50 30OR None 203•0

6 Ca 52 30°R None 221•0

6 Ca 53 30°R None 234.0

Arith. Mean ............... 216• 40

Std. Deviation .............. 11.91

6 Ca 44 30°R 1017 228.0

6 Ca 46 30°R 1017 258•0

6 Ca 47 30°R 1017 251.0

Arith. Mean ............... 245.67

Std. Deviation .............. 15.70

Ftu n (ksi)

+79. 0

-6.0

+35.4

+29.3

+72.2

+85.8

+0.9

-12.9

+25•4

+45.4

+8•8

+49. 7

. • . • .

. . • . .

157.0

149. 0

150.0

• . o . •

. • • . •

1.14

1.15

1. 16

1.18

1.18

• . • . •

. • . • •

0•867

0.909

0.883

0.961

0•987

. • • . •

. • . • .

0.991

1.127

1.101

149.60

1.82

152.00

4.36

1.16

0.02

0. 92

0.05

1.07

O. 72

Ftun/Ftu

. o • . .

+37.4

+2.4

- 0.24

+0.15

+34.9

+39. 9

-2.7

+7.5

- 0•20

- 0.28

- 0.66

+ 0.96
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TABLEB27b

TESTRESULTS,A286STAINLESSSTEEL(AMS5735)

Fty/Ftu

0o 74

0.70

0. 72

0.73

0.71

0.61

0.65

0°64

0.64

0.64

0.68

0.65

0o 66

O. 720

0o 636

O. 663

Elongation

(%)

27

(d)
25

26

27

32

36

(d)
35

35

(d)
33

34

26.3

34.5

33.5

Reduction

of Area

(%)

5O

(d)
55

49

5O

44

51

(d)
49

42

(d)
14

18

51.0

46.5

16.0

Fracture

Stress

(ksl)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)

(e)

(e)

(_)

Tota I

Fast

FIux (a)

(nvt)

Test

Tern p

Specimen
Number

TENSILE TESTS

None RT

None RT

None RT

None RT

None RT

6Ca

6Ca

6 Ca

6 Ca

6 Ca

....... Arlth. Mean

None 30°R

None 30°R

None 30°R

None 30°R

None 30°R

6 Ca 6

6Ca 7

6Ca 8

6 Ca 9

6 Ca 10

....... Arith. Mean

1017 30°R 6 Ca 12

1017 30°R 6Ca 31

1017 30°R 6 Ca 34

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB28a

TESTRESULTS,A286STAINLESSSTEEL(AMS5737)

Specimen Test Total
Number Temp Fast

Flux(a)
(n,,t)

TENSILE TESTS

8 Ca 4 RT None

8 Ca 7 RT None

8 Ca 10 RT None

8 Ca 28 RT None

8 Ca 31 RT None

Test

Value

179.0

174.0

168.0

166.0

172.0

Ftu (ksi)

B_os(b) Bias

Range (c)

Test

Value

141.0

134.0

129.0

129.0

136.0

Fty (ksi)

Bias (b) Bias . .

Range (c)

Arith. Mean ...............

Std. Deviation ..............

8 Ca 8 30°R None 248. 0

8 Ca 12 30°R None 250.0

8 Co 18 30°R None 245. 0

8 Ca 20 30°R None 206. 0

8 Ca 21 30°R None 242, 0

Arith. Mean ...............

Std. DeviaHon ..............

8 Ca 5 30°R 1017 230.0

8 Ca 13 30°R 1017 231.0

8 Ca 19 30°R 1017 253.0

171.80

5. 12

238.20

18.25

. . . . .

• • • • •

166.0

161.0

162.0

138.0

157,0

133.80

5.07

Arith. Mean ............... 238.00

Std. Deviation .............. 13.00

TENSILE NOTCH TESTS Ftun

8 Ca 9 RT None 200.0

8 Ca 11 RT None 201.0

8 Ca 17 RT None 202.0

8 Ca 27 RT None 195. 0

8 Ca 34 RT None 183.0

Arith. Mean ............... 196. 20

Std. Deviation .............. 7.86

8 Ca 29 30°R None 256. 0

8 Ca 32 30°R None 251.0

8 Ca 35 30°R None 256. 0

8 Ca 33 30°R None 258. 0

8 Ca 41 30°R None 254.0

Ari th. Mean ............... 255. O0

Std. Deviation .............. 2.65

8 Ca 25 30°R 1017 234.0

8 Ca 39 30°R 1017 254.0

8 Ca 40 30°R 1017 229.0

Arlth. Mean ............... 239. 00

Std. Deviation .............. 11.73

+66• 4

-0.2

(ksi)

+58.8

-16•0

+50.6

+82.2

+21.3

-21.7

+51.9

+65.7

-2.6

-29. 4

• • • . •

• • • . •

158.0

164.0

175.0

• • ° • •

156.80

10.99

165.70

8.62

+23.0

+8.9

Ftun/Ftu

1.12

1.16

I. 20

1.17

1.06

..... 1.14

..... 0.05

1.03

1.00

1.04

1,25

1.05

..... I.07

..... O. 10

1.02

1.10

.91

..... 1.01

..... 0.30

- 0.07

- 0.06

+12.9

+33, 1

-4.7

+22. 5

+ 0.03

- 0.16

+ 0.29

- 0.41
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TABLEB28b

TESTRESULTS,A286STAINLESSSTEEL(AMS5737)

Fty/Ftu

0.79

0.77

0.77

O.78

O. 79

O. 67

0.64

0.66

0°67

O. 65

0.69

0.71

0.69

O. 780

0o 658

O. 697

Elongation

(%)

25

23

24

23

(d)

23.8

32

31

31

33

32

31.8

29

32

32

31.0

5O

51

54

55

(d)

44

45

33

46

43

29

45

45

Reduction

of Area

(%)

52.5

42.2

39. 7

Fracture

Stress

(ksl)

(e)
(e)

272.0

270.0

(e)

434.0

450. 0

368. 0

369. 0

417.0

319.0

419.0

422.0

271.0

407. 6

386. 7

Tota I

Fast

FIux (a)

(nvt)

Test

Temp

Specimen
Number

TENSILE TESTS

None RT 8 Ca

None RT 8 Ca

None RT 8 Ca

None RT 8 Ca

None RT 8 Ca

4

7

10

28

31

....... Arith. Mean

None 30°R

None 30°R

None 30°R

None 30°R

None 30°R

8 Ca

8 Ca

8 Ca

8 Ca

8 Ca

8

12

18

20

21

....... Arith. Mean

1017 30°R 8 Ca 5

1017 30°R 8 Ca 13

1017 30°R 8 Ca 19

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB29a

TESTRESULTS,T-450AUSTENITICMANGANESESTEEL(ANNEALED)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

1Eb 6 RT None

1Eb 14 RT None

1Eb 40 RT None

I Eb 43 RT None

1Eb 45 RT None

Test

Value

110.0

111.0

112.0

150.0

115.0

Ftu (ksi)

Bias (b) Bias

Range (c)

Test

Value

32.5

41.5

36.2

47.4

35. 8

Fty (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 119. 60

Std. Deviation .............. 17. 10

1Eb 4

1Eb 10

1Eb 18

1Eb 31

1Eb 34

30°R None 210• 0

30°R None 190.0

30°R None 194.0

30°R None 193.0

30°R None 199.0

Arith. Mean ...............

Std• Deviation ..............

1Eb 24 30°R 1017 193.0

1Eb 28 30°R 017 194.0

1Eb 49 30°R 10 7 191.0

197.20

7.85

, . . • .

• • • . .

105.0

81.0

92.4

89. 5

89. 4

38.68

5.84

Arlth. Mean ............... 192.70

Std. Deviation .............. 1.53

TENSILE NOTCH TESTS

1 Eb 32 RT None 124.0

I Eb 37 RT None 127.0

1 Eb 39 RT None 123.0

1 Eb 50 RT None 118.0

1 Eb 53 RT None 109.0

Arith. Mean ...............

Std. Deviation ..............

I Eb 9 30°R None 222.0

1 Eb 13 30°R None 236.0

1 Eb 23 30°R None 216.0

1 Eb 44 30°R None 191.0

1 Eb 46 30°R None 207.0

Arlth. Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith. Mean ...............

Std• Deviation ..............

Ftun

120.20

7.05

214.40

16.26

+77• 6

-4.5

(ksi)

+94°2

+63. 1

+92. 1

+2.5

-11.5

+80.5

+107.9

i

. • . • •

92.4

92.4

92.0

. . . , .

. . . • •

1.13

1o14

1.10

0. 79

0.95

. • . • •

• • , • •

1.06

1.24

1.11

0. 99

h 04

. . . . .

. . . . .

91.46

8.68

92.27

O. 25

+52.8

+0.8

Ftun/Ftu

1.02

0•15

1.09 + 0.07

0. 10

+44. I

+61.5

-6.7

+8•3

- 0.08

+ 0.21

• . • . .

. • • . •
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TABLEB29b

TESTRESULTS,T-450AUSTENITICMANGANESESTEEL(ANNEALED)

Fty/Ftu

0.30
0.37
0°32
0.32
0.31

0.50
0.43
0.48
0.46
0.45

O.48

O. 48

O. 48

0. 324

0.464

0.480

Elongation

(%)

71

69

7O

70

71

28

3O

32

3O

36

32

30

29

70.2

31.2

30. 3

Reduction

of Area

(%)

7O

77

71

67

69

24

26

30

29

27

28

30

31

70.8

27. 2

29. 7

Fracture

Stress

(ksi)

295. 0

476. 0

(e)
(e)
(e)

275. 0

258.0

277.0

274.0

273.0

270. 0

276. 0

277. 0

385.5

271.4

274.3

Total Test

Fast Temp
FIux (a)

(nvt)

Specimen
Number

TENSILE TESTS

None RT I Eb 6

None RT 1Eb 14

None RT 1Eb 40

None RT 1Eb 43

None RT 1Eb 45

....... Arlth. Mean

None 30°R 1Eb

None 30°R 1EB

None 30°R 1Eb

None 30°R 1Eb

None 30°R 1Eb

4

10

18

31

34

....... Arith. Mean

1017 30°R 1Eb

1017 30°R 1Eb

1017 30°R 1Eb

24

28

49

........ Arith. Mean

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with :).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB 30 a

TEST RESULTS, AM350 STAINLESS STEEL (SCT)

Specimen Test Total

Number Temp Fast
Flux (a)

(nvt)

TENSILE TESTS

10 Ca 18 RT None

10 Ca 21 RT None

10 Ca 23 RT None

10 Ca 40 RT None

10 Ca 42 RT None

Test

Value

206.0

208.0

194.0

193.0

193.0

Ftu (ksi)

Bias (b) Bias

Range (c)

Test

Value

192.0

193.0

183. 0

182.0

182.0

Fty (ksl)

Bias(b) Bias

Range (c)

Arlth. Mean ............... 199.00

Std. Deviation .............. 7• 53

10 Ca 9 30°R None 315•0

10 Ca 10 30°R None 313.0

10 Ca 11 30°R None 322.0

10 Ca 15 30°R None 389.0

10 Ca 16 30°R None 364.0

Adth. Mean ............... 340. 60

Std. Deviation .............. 10• 79

10 Ca 17 30OR 1017 305.0

10 Ca 22 30°R 1017 330.0

10 Ca 39 30°R 1017 305.0

Arith. Mean ............... 313.30

Std. Deviation .............. 14.43

None

None

None

None

None

314.0

313.0

322.0

380.0

186.40

5.60

TENSILE NOTCH TESTS

10 Ca 1 RT

10 Ca 12 RT

10 Ca 14 RT

10 Ca 20 RT

10 Ca 35 RT

229• 0

235. 0

232• 0

250. 0

252• 0

Ftun

Arith. Mean ............... 239. 60

Std. Deviation .............. 10. 64

10 Ca 3 30°R None 240•0

10 Ca 6 30°R None 281.0

10 Ca 13 30°R None 273,0

10 Ca 31 30°R None 264.0

10 Ca 36 30°R None 284.0

Arith. Mean ............... 268. 40

Std. Deviation .............. 17. 67

10 Ca 26 30°R 1017 129•0

10 Ca 28 30°R ]017 164.0

10 Ca 33 30°R 1017 152.0

Arith. Mean ............... 148.30

Std. Deviation .............. 17. 79

+141.6

- 27.3

(ksi)

+ 28•8

-120. 1

+127.6

+155.6

- 8.6

- 46.0

+ 11.6

+ 46.0

-103.5

-136.7

. ° • • •

• . • , •

303.0

323.0

299.0

• • • , •

• . • • •

1.11

1o 13

1.20

1.30

1.30

• . • • •

• • • , •

0.76

0.90

0. 85

0.68

0. 78

• . • , •

• • • , •

0.42

0.50

0.50

• • • . •

• • • • •

332.30 +145.9

29•65

308.30 - 24•0

12.86

Ftun/Ftu

1.21

0.09

O. 79 -

0.04

0.47 -

Oo 03

0o41

O. 32

+120.0

+171.7

+ 6.9

- 54.9

0.31

0.51

O. 23

0.41
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TABLEB30b

TESTRESULTS,AM350STAINLESS STEEL (SCT)

Fty/Ftu

0.93

0. 93

0o 94

0.94

0.94

1.00

1.00

1.00

O. 98

0.99

O.98

O.98

O. 936

0. 995

O. 983

Elongation

(%)

19

20

(d)
19

(d)

19.3

12

10

10

11

12

11.0

7

11

4

7.3

Reduction

of Area

(O/o)

51

53

(d)
57

(d)

37

37

37

34

35

18

30

14

53.7

36.0

20. 7

Fracture

Stress

(ksi)

300. 0

319.0

(e)
(e)
(e)

(e)
(e)
(e)

591.0

557. 0

372.0

466.0

351.0

309.5

574.0

396.3

Tota I

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 10 Ca 18

None RT 10 Ca 21

None RT 10 Ca 23

None RT 10 Ca 40

None RT 10 Ca 42

....... Arith. Mean

None 30°R 10 Ca 9

None 30°R 10 Ca 10

None 30°R 10 Ca 11

None 30°R 10 Ca 15

None 30°R 10 Ca 16

....... Arith. Mean

1017 30°R 10 Ca 17

1017 30°R 10 Ca 22

1017 30°R 10 Ca 39

....... Arith. Mean

(d). not available

(e). not recorded

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLEB31a

TESTRESULTS,17-7 PH STAINLESS STEEL (RH-950)

Specimen Test Total

Number Temp Fast,
Flux (a}

(nvt)

TENSILE TESTS

11 Ca 11 RT None

11 Ca 17 RT None

1 ] Ca 20 RT None

11 Ca 25 RT None

11 Ca 27 RT None

Test

Value

240.0

238.0

241.0

228.0

227.0

Ftu (ksi)

Bias(b) Bias

Range (c)

Test

Value

231.0

235.0

228.0

220.0

219.0

Fry (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 234• 80

Std. Deviation .............. 6. 76

11 Ca 12 30°R None 342.0

11 Ca 29 30°R None 340.0

II Ca 30 _ 30°R None 324.0

11 Ca 31 30°R None 332.0

11 Ca 39 30°R None 339.9

Arith. Mean ............... 335. 40

Std. Deviation .............. 7. 40

11 Ca 28 30OR 1017 260.0

11 Ca 32 30OR 1017 256°0

11 Ca 46 30OR 1017 238.0

Arith. Mean ............... 251.30

Std. Deviation .............. 11.72

• . • • •

• • • • •

333.0

334.0

319.0

327.0

337.0

226• 60

6. 95

TENSILE NOTCH TESTS

11 Ca 2 ! RT None

11 Ca 4 RT None

11 Ca 7 RT None

11 Ca 13 RT None

11 Ca 15 RT None

260.0

255.0

254.0

289.0

275.0

Arith. Mean ............... 266. 60

Std. Deviation .............. 15.08

11 Ca 10 30°R None 182• 0

11 Ca 18 30°R None 193.0

11 Ca 21 30°R None 220.0

11 Ca 33 30°R None 169.0

11 Ca 35 30°R None 149.0

Arith. Mean ............... 182• 60

Std. DevlaHon .............. 8.40

(q) 30°R }017

(q) 30°R 1017

(q) 30°R 1017

Arlth. Mean ...............

Std. Deviation ..............

+118.6

- 84.1

Ftu n (ksl)

- 84.0

+110.3

+ 126. 9

- 69.5

- 98.7

- 69.6

- 98.4

• • ° • °

260.0

254.0

238.0

. ° • • •

• ° • ° •

1.08

1.07

I. 05

I. 27

1.21

• ° • • •

• . • • •

O. 53

O. 57

O. 68

0.51

O. 44

330.00

7. 14

250.70

11.38

1.14

0.10

0. 55

0o 09

Ftun/Ftu

• . • ° •

• • ° . •

• • • • °

+ 103.4

- 79.3

- 0.59

+ 95•1

+111.7

- 65.1

- 93•5

0.48

0.70
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TABLE B31 b

TEST RESULTS, 17-7 PH STAINLESS STEEL (RH-950)

Fty/Ftu

0. 96

0.99

0. 95

0.96

0. 96

0.97

0. 98

0.98

0. 98

0. 99

1.00

0.99

1. O0

O. 964

0. 980

Oo 997

Elongation

(%)

15

14

14

13

13

nil

ni!

nil

nil

nil

nil

nil

nil

13.8

nil

49

49

48

41

38

nil

nil

nil

nil

nil

nil

nil

nil

45. 0

Fracture

Stress

(ksi)

(e)

(e)

(e)

294.0

274.0

(e)
340. 0

(e)
(e)

339.9

nil

260.0

256. 0

238.0

nil

To to I

Fast

Flux (a)

(nvt)

Test Specimen

Temp NumberReduction

of Area

(%)

nil

TENSILE TESTS

None RT

None RT

None RT

None RT

None RT

279.0 .......

None 30 ° R

None 30°R

None 30°R

None 30°R

None 30°R

340. 0 .......

11 Ca 11

11 Ca 17

11 Ca 20

11 Ca 25

11 Ca 27

Arith. Mean

11 Ca 12

11 Ca 29

11 Ca 30

II Ca 31

11 Ca 39

Arith. Mean

1017 30°R 11 Ca 28

1017 30OR 11 Ca 32

1017 30OR 11 Ca 46

251.3 ....... Arith. Mean

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 32 a

TEST RESULTS, A 353 STEEL (NORMALIZED)

Specimen Test Total

Number Temp Fast
FIux (a)

(nvt)

TENSILE TESTS

5 Ca 1 RT None

5 Ca 2 RT None

5 Ca 3 RT None

5 Ca 4 RT None

5 Ca 5 RT None

Test

Value

111.0

113.0

110.0

110.0

109. 0

Ftu (ksl)

Bias (b) Bias

Range (c)

Fty (ksi)

Test

Value

88. 0

91.4

88.6

88.4

86. 6

Bias (b) Bias

Range (c)

Arith. Mean ............... 110.60

Std. Deviation .............. 1.52

5 Ca 7 30°R None 209. 0

5 Ca 8 30°R None 204.0

5 Ca 9 30°R None 199. 0

5 Ca 10 30°R None 193.0

5 Ca 11 30°R None 203.0

Arith. Mean ...............

Std. Deviation ..............

5 Ca 29 30OR 1017 209.0

1_ 17
5 Ca 36 30°R 220•0

5Ca 45 30OR 1 17 218.0

201• 60

5. 98

• • • • •

• • • • •

171.0

174.0

166. 0

181.0

182.0

88.60

1.75

Arith. Mean ............... 215.70

Std. Deviation .............. 5. 86

TENSILE NOTCH TESTS

5 Ca 49 RT None 137.0

5 Ca 50 RT None 138.0

5Ca 51 RT None 137.0

5 Ca 52 RT None 137.0

5 Ca 53 RT None 136.0

Arith. Mean ...............

Std. Deviation ..............

5 Ca 55 30°R None 205.0

5 Ca 57 30°R None 181.0

5 Ca 60 30OR None 183•0

5 Ca 61 30°R None 176.0

5 Ca 62 30°R None 203.0

Arith• Mean ...............

Std. Deviation ..............

(q) 30°R 1017

(q) 30°R 1017

(q) 30°R 1017

Arith• Mean ...............

Std. Deviation ..............

Ftun

137. 00

0.71

189.60

13.41

+91.0

+14• 1

(ksi)

+52. 6

+85.9

+96•1

+5.7

+22.5

+41.4

+63.8

• • o • •

• • • • •

183.0

194.0

193.0

. • • • °

• • • • •

1.23

1.22

1.25

1.25

1.25

• • • • .

• • • • •

O. 98

O. 89

O. 92

0.91

1.00

• • • • •

• • • • •

• • • • •

174.80

6.76

190. O0

6. 08

Ftun/Ftu

1• 24

0.01

O. 94

Oo 05

+86.2

+15.2

- 0.30

+80.4

+92• 0

+6.2

+24• 2

- 0.26

- 0.34
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TABLEB32b

TESTRESULTS,A353STEEL (NORMALIZED)

Fty/Ftu

0. 79

0.81

0.81

0.80

0.79

O. 82

O. 85

0.83

0.94

0°90

O. 88

O.88

O.89

0.800

0. 868

O. 883

Elongation

(%)

27

23

24

28

24

19

17

22

23

9

16

12

19

25.2

7O

66

7O

71

7O

44

46

49

52

7

18.0

20

9

35

15.7

Reduction

of Area

(%)

69.4

39. 6

21.3

Fracture

Stress

(ksi)

(e)
(e)
(e)
(e)
(e)

(e)
(e)
(e)
(e)
(e)

255. 0

241.0

285. 0

(_)

(e)

260.3

Total

Fast

Flux (a)

(nvt)

Test Specimen

Temp Number

TENSILE TESTS

None RT 5 Ca 1

None RT 5 Ca 2

None RT 5 Ca 3

None RT 5 Ca 4

None RT 5 Ca 5

....... Arith. Mean

None 30°R 5 Ca

None 30°R 5 Ca

None 30°R 5 Ca

None 30°R 5 Ca

None 30°R 5 Ca

7
8

9

10

11

....... Arith. Mean

1017 30°R 5 Ca 29

1017 30°R 5 Ca 36

1017 30°R 5 Ca 45

....... Arith. Mean

(e). not recorded

(q). test deleted from screening program

(a). of neutrons with >.5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 33 a

TEST RESULTS, 440C STAINLESS STEEL (QUENCHED & DRAWN)

Specimen Test

Number Temp

TENSILE TESTS

9 Ca 1 RT

9 Ca 2 RT

9 Ca 7 RT

9 Ca 8 RT

9 Ca 13 RT

To ta I

Fast,

FIux Ca)

(nvt)

None

None

None

None

,,lone

Ftu (ksi)

Test

Value

320.0

323.0

329.0

304.0

303• 0

Bias (b) Bias

Range (c)

Test

Value

275. 0

274.0

302.0

256.0

242.0

Fty (ksi)

Bias (b) Bias

Range (c)

Arith. Mean ............... 31 5. 80

Std. Deviation .............. 1 1.69

9 Ca 11 30°R None 28 5.0

9 Ca 12 30°R None 25 1.0

9 Ca 16 30°R None 279.0

9 Ca 20 30°R None 24 2.0

9 Ca 21 30°R None 24 9.0

Arith. Mean ...............

Std. Deviation ..............

9 Ca 18 30°R 1017 234.0

9 Ca 19 30°R 1017 22 1.0

9 Ca 23 30°R 1017 198.0

26 1.20

19.40

(g)
(g)
(g)
(g)
(g)

269.80

22.61

Arith. Mean ............... 21 7. 70 1

Std. Deviation .............. 18.23

TENSILE NOTCH TESTS Ftu n (ksi)

9 Ca 33 RT None 218.0

9 Ca 34 RT None 22 3.0

9 Ca 36 RT None 222.0

9 Ca 38 RT None 21 1.0

9Ca 41 RT None 213.0

Arith. Mean ............... 21 7. 40

Std. Deviation .............. 5. 32

9Ca 25 30°R None 103.0

9 Ca 26 30°R None 93. 5

9 Ca 28 30°R None 130.0

9 Ca 29 30°R None 114.0

9 Ca 43 30°R None 98. 1

Arith. Mean ............... 107.70

Std. Deviation .............. 14.60

9 Ca 27 3OaR 1017 137.0

9Ca 31 30°R 1017 112.0

9 Ca 35 30°R 1017 107.0

Arith. Mean ............... 118.70

Std. Deviation .............. 16. 07

- 54.6

- 43°5

-109.7

+ 11.0

i

- 35.8

- 73.4

- 17.0

- 70.0

- 96.8

- 122.6

- 11.0

+ 33.0

• • • • •

i • • • • •

(g)
(g)
(g)

(g)

..... (g)
• • ° • •

0°68

0.69

0. 67

0. 69

0. 70

..... O. 69

..... 0.01

O. 36

O. 37

0.47

O. 47

O. 39

O. 59

0.51

O. 54

. . . • •

0.41

O. 05

O. 55

O. 04

Ftun/Ftu

-0.27 -0.23

-0.32

+0.14 +0.07

+0.20
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TABLE B 33 b

TEST RESULTS, 440 C STAINLESS STEEL (QUENCHED & DRAWN)

0.86

0. 85

0. 92

0.84

0.80

(g)
(g)
(9)
(g)
(g)

(g)
(g)
(g)

Fty/Ftu

0.854

_)

_)

Elongation

(%)

nil

nil

nil

nil

nil

nll

nil

rill

nil

nll

nil

nil

nil

nil

nil

nil

Reduction

of Area

(%)

nil

nil

nll

nil

nil

nll

nll

nil

nil

nll

nil

nil

nll

nil

nil

nil

Fracture

Stress

(ksi)

320. 0

323.0

329. 0

304.0

303.0

285. 0

251.0

279.0

242.0

249. 0

234.0

221.0

198. 0

315.8

261.2

217.7

Tota I

Fast
Flux (a)

(nvt)

Non_

None

None

None

None

Test Specimen

Temp Number

TENSILE TESTS

RT

RT

RT

RT

RT

9 Ca 1

9 Ca 2

9 Ca 7

9 Ca 8

9 Ca 13

Arith. Mean

None 30°R 9 Ca 11

None 30°R 9 Ca 12

None 30°R 9 Ca 16

None 30°R 9 Ca 20

None 30°R 9 Ca 21

Arith. Mean

1017 30°R 9 Ca

1017 30°R 9 Ca

1017 30°R 9 Ca

18

19

23

....... Arlth. Mean

(g). fal led at less than . 2% plastic st rain

(a). of neutrons with ).5 mev energy

(b). change in mean of test value with respect to previous test condition

(c). with 90% confidence
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TABLE B 34

APPROXIMATE MODULUS VALUES* FOR 33 MATERIALS

(Ksi x 10 -3)

ALLOY

1099
2014
2024
2219
5083
5086
5456

TEST CONDITION

IRT OP 30°R IP 30°R

9
11
10
9

10
10
10

11
11
10
10
12
12
11

ALLOY

ALUMINUM ALLOYS

11
13
10
(f)
12
12

6061
7079
7178
X-250
B-750
A356

TEST

RT

CONDITION

OP 30°R J IP 30°R
I

10
10
10

9
11
11

11 11
12 11
11 12
11 12
11 12
9 11

55A 14 18

+5 AI, 2.5 Sn 15 18
+5 AI, 2.5 Sn (s) 15 **

i
Rene 41 28 32

K Monel 24 27

TITANIUM ALLOYS

18 +6 AI, 4 V
18 +6 AI, 4 V (t)

18 +8AI, I Mo, I V

NICKEL ALLOYS

15 17 **
16 18 20
16 18 **

34

28

Inconel

Inconel X

25
32

32
34

32

34

304
310
347
A 286 (u)
A 286 (v)

28 32 29
3O 30 33
26 30 29
30 31 32
30 30 **

FERROUS ALLOYS

T-450 27 29 29
AM-350 29 32 31
17-7 PH 28 29 25

A-353 29 27 29
440C 30 33 30

* for qualitative comparison only_ extensometer installation
does not meet ASTM requirements for modulli determinations

** nondeterminable

(f) screening program ended before completion of this test
(s) extra low interstitial content
(t) aged
(u) AMS 5735
(v) AMS 5737
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APPENDI X C

PHOTOMICROGRAPHS OF SPECIMENS

The sets of photomicrographs taken in conjunction with the screening test program

under Contract NASw-1 14 are herein presented as Figures C 1 through C 33.

A complete set of photomicrographs shows the following conditions:

1. As received material; longitudinal section

2. As received material; transverse section

o Failed tensile specimen; room temperature test,
longitudinal section at gage mark

o Failed tensile specimen; room temperature test,
longitudinal section at fracture

. Failed tensile specimen; 30°R, unirradiated,

longitudinal section at gage mark

o Failed tensile specimen; 30°R, unirradiated,

longitudinal section at fracture

o Failed tensile specimen; 30°R, 1 x 1017 nvt,

longitudinal section at gage mark

8. Failed tensile specimen; 30°R, 1 x 1017

longitudinal section at fracture

nvt,

In instances where the structure at the gage mark was as would be predicted from the

structure at the fracture, numbers 3, 5 or 7"are omitted from this Appendix.

Pedigree data photomicrographs of the as received condition were not available for

several alloys at the time of publication.

Photomicrographs of Aluminum Alloy 6061 T-6 and Titanium Alloy 8-1-1 after testing
at 30°R, unirradiated, were also unavailable.
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Aluminum Alloy 5083 was not tested after irradiation.

Comments on the structures shown in these figures are given in the discussion

in Section 6 of the body of this report.

In some instances, apparent variation in specimen structures after irradiation in

surface preparation technique differences between remote and direct handling
methods.

C-3



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Polarized Light x 100 Polarized Light 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section at  Fracture 
250 x Keller's Etch 

FIGURE C 1 a PH OT OMlC ROG RA PH S OF 
ALUMINUM 1099 (H-14) 

c -4 



FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Kel ler's Etch 

FAILED TENSILE SPECIMEN 
~ O O R ,  1 1017,,t TEST 

Longitudinal Section a t  Gage Mark 
X 250 Kel ler's Etch x 250 Kel lerls Etch 

Longitudinal Section a t  Fracture 

FIGURE C 1 b PH OTOMlC ROGRAPHS OF 
ALUMINUM 1099 (H-14) 
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MATERIAL PEDIGREE SAMPLE 

As Received - Transverse Section As Received - Longitudinal Section 

XlOO Kel ler's Etch x 100 Kel ler's Etch 

FAILED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section at Fracture 
X250 Kel ler's Etch 

FIGURE C 2 a PHOTOMICROGRAPHS OF 
ALUMINUM 2014 (T-651) 
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FAILED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section at  Fracture 
x 250 Kel ler's Etch 

FAILED TENSILE SPECIMEN 
~ O O R ,  1 1 0 1 7 ~ ~ t ,  TEST 

Longitudinal Section at  Gage Mark Longitudinal Section at  Fracture 
X 250 Kel lerls Etch X250 Kel ler's Etch 

FIGURE C 2 b PHOTOMICROGRAPHS OF 
ALUMINUM 2014 (T-651) 
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MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section As Received - Transverse Section 

x 100 Kel ler's Etch x 100 Kel ler's Etch 

FA1 LED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 Kel ler's Etch 

FIGURE C 3 a PHOTOMICROGRAPHS OF 
A LUMl N UM 2024 (T-35 1)  
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FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Long i t udi no I Sec ti on Fracture 
x 250 Kel lerls Etch 

a t 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1017nvt, TEST 

Longitudinal Section at  Gage Mark Longitudinal Section at  Fracture 
x 250 Kel ler's Etch X 250 Kel lerls Etch 

FIGURE C 3 b PH OTOMlC ROGRAPHS OF 
ALUMINUM 2024 (T-351) 

c -9 



MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Kel ler's Etch x 100 Kel ler's Etch 

FAILED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section at  Fracture 
x 250 Keller's Etch 

FIGURE C 4 a PHOTOMICROGRAPHS OF 
ALUMINUM 2219 (T87) 

c-10 



FA1 LED TENSILE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FA1 LED TENS1 LE SPECIMEN 
3OoR, 1 x 1017 nvt, TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Kel ler's Etch x 250 Kel ler's Etch 

FIGURE C 4 b PH OTOMIC ROGRAPHS OF 
ALUMINUM 2219 (T87) 

c-11 



MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section As Received - Transverse Section 
Kel ler's Etch x 100 Keller's Etch 

FAILED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

x 100 

FIG 

r;t; 

Longi tudi na I Section at  Fracture 
x 250 Keller's Etch 

IRE C 5 a PHOTOMICROGRAPHS OF 
ALUMINUM 5083 (H-321) 

c- 12 



FA1 LED TENSILE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Not Tested 

After Irradiation 

Longitudinal Section a t  Fracture 
X 250 Kel ler's Etch 

FA1 LED TENS1 LE SPECIMEN 
3OoR, 1 x nvt, TEST 

Not Tested 

After Irradiation 

FIGURE C 5 b PH OTOMlC ROGRAPHS OF 
ALUMINUM 5083 (H-321) 

C- 13 



MATERIAL PEDIGREE SAMPLE 

I 

As Received - Longitudinal Section As Received - Transverse Section 
X 250 25% HNO3 x 250 25% HNO3 

FAILED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FIGURE C 6 a PHOTOMICROGRAPHS OF 
ALUMINUM 5086 (H-321) 

C-14 



FA1 LED TENSILE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Longitudinal Section at  Fracture 
x 250 Kel ler's Etch 

FA1 LED TENS1 LE SPECIMEN 
3OoR, 1 x 1017 nvt, TEST 

Longitudinal Section at  Gage Mark Longitudinal Section a t  Fracture 
X 250 Kel ler's Etch X 250 Kel ler's Etch 

FIGURE C 6 b PHOTOMICROGRAPHS OF 
ALUMINUM 5086 (H-32) 

C- 15 



MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section 
x 100 Kel ler's Etch 

As Received - 
x 100 

T ra nsve rse Se c t i on 
Kel ler's Etch 

FA1 LED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

FIGURE C 7 a 

Longitudinal Section a t  Fracture 
x 250 Kel lerls Etch 

PH OT OMlC ROG RA PHS OF 
ALUMINUM 5456 (H-321) 



FA1 LED T E N S l  LE SPECIMENS 
3OoR, UN I RRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Kel lerls Etch 

FA1 LED T E N S l  LE SPECIMEN 
~ O O R ,  1 i o K t ,  TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Keller's Etch x 250 Kel lerls Etch 

FIGURE C 7 b PH OTOMIC ROG RAPHS OF 
ALUMINUM 5456 (H-321) 

C-17 



MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section As Received - Transverse Section 
X 250 0.5% HF X 250 0.5% HF 

FA1 LED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section at  Gage 
X 250 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FIGURE C 8 a PHOTOMICROGRAPHS OF 
ALUMINUM 6061 (T-6) 

C-18 



FAILED TENSILE SPECIMENS 
3OoR, UNIRRADIATED TEST 

FA1 LED TENSILE SPECIMEN 
3OoR, 1 x 1017nvt, TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Keller's Etch X 250 Keller's Etch 

FIGURE C 8 b PHOTOMICROGRAPHS OF 
ALUMINUM 6061 (T-6) 

C-19 



MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section As Received - Transverse Section 
XlOO Keller's Etch x 100 Kel ler's Etch 

FA1 LED TENS1 LE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FIGURE C 9 a PHOTOMICROGRAPHS OF 
ALUMINUM 7079 (T-6) 

c -20 



FA1 LED TENSl  LE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FA1 LED TENSl  LE SPECIMEN 
30°R, 1 x 1017 nvt, TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Keller's Etch X 250 Keller's Etch 

FIGURE C 9 b PHOTOMICROGRAPHS OF 
ALUMINUM 7079 (T-6) 

c-2 1 



MATERIAL PEDIGREE SAMPLE 

As Received - Longi tudinal Section 
x 100 Keller's Etch x 100 Kel ler's Etch 

As Received - Transverse Section 

FAILED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

FIGURE C 10 a 

Longitudinal Section a t  Fracture 
X 250 Keller's Etch 

PH OTOMlC ROG RAPHS OF 
ALUMINUM 7178 (T-651) 

c -22 



FAILED TENSILE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Kel ler's Etch 

FA1 LED TENS1 LE SPECIMEN 
~ O O R ,  1 x l o l L t ,  TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Kel ler's Etch x 250 Kel ler's Etch 

FIGURE C 10 b PHOTOMICROGRAPHS OF 
ALUMINUM 7178 (T-651) 

C -23 



MATERIAL PEDIGREE SAMPLE 

As Received - 
x 100 

Transverse Sect ion 
Kel ler's Etch 

FA1 LED TENS1 LE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 Kel ler's Etch 

FIGURE C 1 1  a PHOTOMICROGRAPHS OF 
ALUM1 N U M  X 250 (T-4) 

C-24 
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FA1 LED TENS1 LE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Kel ler's Etch 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1017 nvt, TEST 

Longitudinal Section at Gage Mark Longitudinal Section a t  Fracture 
x 250 Kel ler's Etch X 250 Kel ler's Etch 

FIGURE C 1 1  b PHOTOMICROGRAPHS OF 
ALUM1 N U M  X 250 (T-4) 

C -25 



. 

MATERIAL PEDIGREE SAMPLE 

As Received - Transverse Section 
x 100 Kel lerls Etch 

FAILED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 Keller's Etch 

FIGURE C 12 a PHOTOMICROGRAPHS OF 
ALUMINUM 8-750 (T-5) 

C -26 
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FA1 LED TENSILE SPECIMENS 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1017 nvt, TEST 

Longitudinal Section a t  Gage Mark Fra c t u re 
X 250 Keller's Etch x 250 Kel ler's Etch 

Long i t ud i na I Sect i on a t 

FIGURE C 12 b PHOTOMICROGRAPHS OF 
ALUMINUM B-750 (T-5) 

C -27 
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MATERIAL PEDIGREE SAMPLE 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Kel ler's Etch x 100 Kel ler's Etch 

Longitudinal Section a t  Gage 
X 250 Keller's Etch 

Longitudinal Section a t  Fracture 
Keller's Etch 

FIGURE C 13 a PH OTOMlC ROGRAPHS OF 
ALUMINUM A 356 (T-61) 
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FAILED TENSILE SPECIMENS 
N O R ,  UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Keller's Etch 

FA1 LE9  T E N S I t E  SPECIMEN 
3OoR, 1 x 10 nvt, TEST 

Longitudinal Section at  Gage Mark 
X 250 Keller's Etch 

Lonyiiudinai Section a t  Fracture 
X 250 Keller's Etch 

FIGURE C 13 b PHOTOMICROGRAPHS OF 
ALUMINUM A 356 (T-61) 

C -29 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
x 500 Kroll Etch 

FA1 LED TENSILE SPECIMEN 
ROOM TEMPERATURE TEST 

Longitudinal Section at Fracture 
x 250 Mixed Acid Etch 

FIGURE C 14 a PHOTOMICROGRAPHS OF 
TITAN1 UM 55A (ANNEALED) 

C -30 



FA1 LED TENS1 LE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section at  Gage Mark 
X 250 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1017 nvt, TEST 

Longitudinal Section at Gage Mark Longitudinal Section at Fracture 
x250 X250 

FIGURE C 14 b PH OTOMICROG RAPHS OF 
TITANIUM 55A (ANNEALED) 

C-3 1 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
x 500 Kroll Etch 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Long i t udi na I Section a t Fracture 
x 250 

FIGURE C 15 a PHOTOMICROGRAPHS OF 
TITANIUM-5 AL-2.5 SN (ANNEALED) 

C -32 



FA1 LED TENS1 LE SPEC1 MEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section at  Fracture 
x 250 Mixed Acid Etch 

FAILED TENSILE SPECIMEN 
30°R, 1 x 1017nvt, TEST 

Longitudinal Section a t  Fracture 
x 250 

FIGURE C 15 b PH 07 OMlC ROG RA PHS 0 F 
TITAN1 UM-5 AL-2.5 SN (ANNEALED) 

c -33 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 500 Stain Etch X 500 Stain Etch 

FA1 LED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 

FIGURE C 16 a PHOTOMICROGRAPHS OF 
TITANIUM-SAL-2.5 SN 

(ELI, ANNEALED) 
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FA1 LED TENSl  LE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longi t udi na I Sect ion of Fracture 
x 250 

FA1 LED TENSl  LE SPEC1 MEN 
3OoR, 1 x 1017nvt, TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section at  Fracture 

X 250 x 250 Mixed Acid Etch 

FIGURE C 16 b PHOTOMICROGRAPHS OF 
TITANIUM - 5AL-2.5 SN 

(ELI, ANNEALED) 

c -35 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
X 500 Kroll Etch 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 

FIGURE C 17 a PHOTOMICROGRAPHS OF 
TITANIUM - 6 AL-4 V (ANNEALED) 

C -36 



FA1 LED TENS1 LE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1017nvt, TEST 

FIGURE C 17 b 

Longitudinal Section a t  Fracture 
X 250 

PHOTCMICROGRAPHS OF 
TITANIUM- 6 AL- 4 V (ANNEALED) 

c -37 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
x 500 Kroll Etch 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
x 250 

FIGURE C 18 a PHOTOMICROGRAPHS OF 
TITANIUM - 6 AL - 4V (AGED) 

C -38 



FAILED TENSILE SPECIMEN 
N O R ,  UNIRRADIATED TEST 

Long i tud ina l  S e c t i o n  a t  F r a c t u r e  
x 250 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1 0 1 7 n v t ,  TEST 

Long i tud ina l  S e c t i o n  a t  F r a c t u r e  
X 250 

FIGURE C 18 b PH OTOMlC ROGRAPHS OF 
TlTANlUM-6 AL-4 V (AGED) 

c -39 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
x 500 Kroll Etch 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
x 250 

FIGURE C 19 a PH OTOMlC ROG RAPHS OF 
TITANIUM - 8 AL-1 MO- 1 V 

(A N N EA LE D) 

C -40 



, 

FA1 LED TENS1 LE SPECIMEN 
3OoR, UNIRRADIATED TEST 

FA1 LED TENS1 LE SPECIMEN 
~ O O R ,  1 1ol7""t, TEST 

Longitudinal Section at  Fracture 
x 250 

FIGURE C 19 b PH OTOMIC ROGRAPHS OF 
TITANIUM - 8AL- 1 MO - 1 V 

(ANNEALED) 

C-4 1 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 200 El ec trol y t i c Etch x 200 E I e c tro I y ti c Etch 

FAILED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 

FIGURE C 20 a PHOJOMICROGRAPHS OF 
R E N E  4 1  (SOLUTION TREATED) 

C-42 



FAILED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 

FAILED TENS1 LE SPECIMEN 
~ O O R ,  1 1017,t, TEST 

e -  

Longitudinal Section at  Gage Mark Longitudinal Section a t  Fracture 
X 250 X 250 

FIGURE C 20 b PHOJOMICROGRAPHS OF 
R E N E  41 (SOLUTION TREATED) 

c-43 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Mixed Acid Etch x 100 Mixed Acid Etch 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 

FIGURE C 21 a PHOTOMICROGRAPHS OF 
K MONEL (AGED) 

c -44 



FA1 LED TENSl  LE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 

FAILED TENSl LE SPECIMEN 
3OoR, 1 x 1017nvt, TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 x 250 

FIGURE C 21 b PHOTOMICROGRAPHS OF 
K MONEL (AGED) 

c-45 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
X 100 5% Nital. Elect. Etch 

As Received - Transverse Section 
x 100 5% Nital. Elect. Etch 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

FIGURE C 22 a 

Longitudinal Section a t  Fracture 
x 250 

PHOTOMICROGRAPHS OF 
INCONEL (COLD DRAWN) 

C-46 



FAILED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 

FAILED TENS1 LE SPECIMEN 
3OoR, 1 x 1017 nvt, TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 x 250 

FIGURE C 22 b PH OTOMlC ROG RAPHS OF 
INCONEL (COLD DRAWN) 

c-47 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Mixed Acid Etch x 100 Mixed Acid Etch 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

. 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Mixed Acid Etch X 250 Mixed Acid Etch 

FIGURE C 23 a PHOTOMICROGRAPHS OF 
INCONEL X (AGED) 

C-48 



FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 

FAILED TENSILE SPECIMEN 
30°R, 1 x 10’7nvt, TEST 

Longitudinal Section a t  Gage Mark 
X 250 

Longi t udi na I Section a t  Fracture 
x 250 

FIGURE C 23 b PHOTOMICROGRAPHS OF 
INCONEL X (AGED) 

c-49 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
x 100 Oxalic Acid, Electro 

As Received - Transverse Section 
x 100 Oxalic Acid, Electro 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 Oxalic Acid, Electro x 250 Oxalic Acid, Electro 

FIGURE C 24 a PH OTOMl C ROG RA PH S OF 
304 STAINLESS STEEL, ANNEALED 

C-50 



FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 

X 250 Oxalic Acid, Electro 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 1017nvt TEST 

Longitudinal Section at  Gage Mark Longitudinal Section a t  Fracture 
X 250 Oxalic Acid, Electro x 250 Oxal ic  Acid, Electro 

FIGURE C 24 b PHOTOMICROGRAPHS OF 
304 STAINLESS STEEL, ANNEALED 

C - 5  1 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Oxal ic Acid Electrolytic X 100 Oxalic Acid Electrolytic 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Gage Longitudinal Section a t  Fracture 
X 250 Oxalic Acid Electrolytic X 250 Oxalic Acid Electrolytic 

FIGURE C 25 a PHOTOMICROGRAPHS OF 
310 STAINLESS STEEL, ANNEALED 

C -52 



FAILED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section at Gage Mark Longitudinal Section a t  Fracture 

250 Oxalic Acid Electrolytic X 250 Oxalic Ac id Electrolytic 

FAILED TENSILE SPECIMEN 
~ O O R ,  1 x 1017nvt TEST 

Long i t udi na I Sect i on a t Fro c t u re 

250 Oxalic Acid Electrolytic 

FIGURE C 25 b PHOTOMICROGRAPHS OF 
310 STAINLESS STEEL, ANNEALED 

c-53 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 

X 100 (NH4)2 S2 08, Electro x 100 (NH4)2 S2 08, Electro 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Gage Longitudinal Section a t  Fracture 
X 250 _(NH4)2 s2 081 Electro X 250 C N H ~ ) ~  S2 0 8 ,  Electro 

FIGURE C 26 a PH OT OM1 C ROG RA PH S OF 
347 STAINLESS STEEL (ANNEALED) 

c -54 



FAILED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 

x250 (NH4)Z S2 08, Electro 

FA1 LED TENSILE SPECIMEN 
3OoR, 1 x 1017nvt TEST 

P d 

* 

Longitudinal Section at  Gage Mark Longitudinal Section at  Fracture 
x 2 5 0  fNH4)2 S2 Os, Electro x 2 5 0  (NH4)2 S2 08, Electro 

FIGURE C 26 b PHOTOMICROGRAPHS OF 
347 STAINLESS STEEL (ANNEALED) 

c -55 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section 
x 100 Mixed Acid Etch 

As Received - Transverse Section 
x 100 Mixed Acid Etch 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 Mixed Acid Etch 

FIGURE C 27 a PHOTOMICROGRAPHS OF 
A 286 STAINLESS STEEL (AMS-5735) 

C -56 



FA! LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 

x 250 Mixed Acid Etch 

FAILED TENSILE SPECIMEN 
3OoR, 1 x 10’7nvt TEST 

Longitudinal Section a t  Fracture 
X 250 Mixed Acid Etch 

FIGURE C 27 b PH OTOMlC ROG RAPHS OF 
A 286 STAINLESS STEEL (AMS-5735) 

c -57 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Mixed Acid Etch x 100 Mixed Acid Etch 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Fracture 
X 250 Mixed Acid Etch 

FIGURE C 28 a PHOTOMICROGRAPHS OF 
A 286 STA NLESS STEEL (AMS-5737) 

C -58 



FAILED TENS1 LE SPECIMEN 
3OoR, UNI RRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 .Mixed Acid Etch 

FA1 LED TENSILE SPECIMEN 
30°R, 1 x 1017nvt TEST 

Longitudinal Section at  Garae Mark Longitudinal Section a t  Fracture 
x 250 Mixed Acid Etch x 250 Mixed Acid Etch 

FIGURE C 28 b PHOTOMICROGRAPHS OF 
A 286 STAINLESS STEEL (AMS-5737) 

c -59 



MATERIAL PEDIGREE SAMPLES 

As Received Longitudinal Section 
x 100 5% Picral 

As Received Transverse Section 
x 100 5% Picral 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section at  Gage 
X 250 Alternate Acid and Base 

i n  Alcohol 

Longitudinal Section a t  Fracture 
X 250 Alternate Acid and Base 

in  Alcohol 

FIGURE C 29 a PHOTOMICROGRAPHS OF T 450 
AUSTENITIC MANGANESE STEEL 

( A N N  EA LED) 
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FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Alternate Acid and b s e  i n  Alcohoi X 250 Alternate Acid and Base in Alcohol 

FAILED TENS1 LE SPECIMEN 
3OoR, 1 x 1017nvt TEST 

Longitudinal Section at  Gage Mark 
X 250 Alternate Acid and Base i n  Alcohol 

Long i t ud i na I Se c t i  on 

X 250 Alternate Acid and Base i n  Alcohol 
a t  Fra c t ure 

FIGURE C 29 b PHOTOMICROGRAPHS OF T 450 
AUSTENITIC MANGANESE STEEL 

(A N N EA LE D) 

C-61 



MATERIAL PEDIGREE SAMPLES 

As Received - Longitudinal Section As Received - Transverse Section 
x 100 Oxalic Acid, Electro x 100 Oxalic Acid, Electro 

FA1 LED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longi tudina I Section at  Gage Longitudinal Section a t  Fracture 
X 250 Oxalic Acid, Electro X 250 Oxalic Acid, Electro 

FIGURE C 30 a PHOTOMICROGRAPHS OF A M  350 
STAINLESS STEEL (SCT) 

C-62 



FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Fracture 
x 250 Oxalic Acid, Electro 

FA1 LED TENS1 LE SPECIMEN 
3OoR, 1 x 1017 nvt TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 Oxalic Acid, Electro x 250 Oxalic Acid, Electro 

FIGURE C 30 b PHOTOMICROGRAPHS OF A M  350 
STAINLESS STEEL (SCT) 

C-63 



MATERIAL PEDIGREE SAMPLES 

FAILED TENSILE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Gage Longitudinal Section at  Fracture 
X 250 "03- Acetic - Oxalic-Electro X 250 "03- Acetic - Oxalic- Electro 

FIGURE C 31 a PHOTOMICROGRAPHS OF 
17-7 PH STAINLESS STEEL (RH-950) 

C-64 



FAILED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 H N 0 3  - Acetic - Oxalic-Electro X 250 HNO3 - Acetic - Oxalic - Electro 

FA1 LED TENS1 LE SPECIMEN 
30°R, 1 x 1017 nvt TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section at  Fracture 
X 250 "03 - Acetic-Oxalic-Electro X250 "03-Acetic - Oxalic - Electro 

FIGURE C 31 b PHOTOMICROGRAPHS OF 
17-7 PH STAINLESS STEEL (RH-950) 

C -65 



MATERIAL PEDIGREE SAMPLES 

As Received - Longi tudina I Section x 200 Ni tal x 200 Nital  
As Received - Transverse Section 

FAILED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section a t  Gage 
X 250 Ni tal 

Longitudinal Section 
x 250 

a t F ra c t u re 
Ni tal 

FIGURE C 32 a PH OTOMlC ROGRAPHS OF 
ASTM A 353 STEEL (NORMALIZED) 
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FA1 LED TENS1 LE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section at  Fracture 
x 250 Ni tal x 250 Ni ta I 

FA1 LED TENSILE SPECIMEN 
3OoR, 1 x 1017 nvt TEST 

Longitudinal Section at  Gage Mark 
X 250 Ni ta I 

Longitudinal Section a t  Fracture 
x 250 Nital  

FIGURE C 32 b PH OTOMlC ROG RAPHS OF 
ASTM A 353 STEEL (NORMALIZED) 
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MATERIAL PEDIGREE SAMPLES 

As Received - Mill Anneal Quenched and Drawn to Rc 60 
X 100 HCI and Picric in  Alcohol X 500 Vielel la's Etch 

FA1 LED TENS1 LE SPECIMENS 
ROOM TEMPERATURE TEST 

Longitudinal Section at  Gage Longitudinal Section a t  Fracture 
X 250 HCI and Picric i n  Alcohol X250 HCI and Picric in  Alcohol 

FIGURE C 33 a PHOTOMICROGRAPHS OF 440C 
STAINLESS STEEL (QUENCHED A N D  DRAWN) 
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FA1 LED TENSILE SPECIMEN 
3OoR, UNIRRADIATED TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 750 HCL and Picric in  Alcohol X250 HCI and Picric in  Alcohol 

FA1 LED TENS1 LE SPECIMEN 
3OoR, 1 x nvt TEST 

Longitudinal Section a t  Gage Mark Longitudinal Section a t  Fracture 
X 250 HCI and Picric i n  Alcohol X250 HCI and Picric in  Alcohol 

FIGURE C 33 b PHOTOMICROGRAPHS OF 440C 
STAINLESS STEEL (QUENCHED AND DRAWN) 

C -69 



C-70



,t

APPENDIX D

Stress-Strain Diagrams

Typical stress-strain curves for each class of materials tested are shown in this appen-

dix. The curves are presented as families; diagrams for each test condition of a material
are superimposed on a common pair of coordinates to facilitate direct comparison. As

explained in Section 3. 2.2 of this report, actual strain measurements are possible for

only some 2% total strain. Therefore, these plots are constructed curves based on stress

measurements against time and elongation measurements from each specimen, not direct

plots of dynamometer-extensometer signals.

Curves typical of Aluminum alloys 2014, 5086 and 7079 are presented as representative

of the shape of the stress-strain functions for the copper bearing, the magnesium bearing
and the zinc bearing aluminum alloys respectively. A family of curves for Aluminum

1099 is also shown to illustrate the significant change in shape of these plots at the three

environmental conditions in this particular material indicative of the mechanisms dis-
cussed in Section 4.2. 1.

Of the Titanium alloys, Titanium, 5% AI=2. 5% Sn was selected as showing a character=
istic shape for stress-strain curves. Curves from Titanium 55A are also shown since this

relatively pure metal has a plastic behaviour significantly differing from the alloyed
titaniums tested.

Curves of Inconel X were selected as typical of the aged nickel alloys, Inconel, Cold

Drawn, as representative of the non-aged materials.

Curves of the Austenitic Steels were not included due to the experimental uncertainty of

the exact location of major stress flucuation discussed in Section 6. 4. 1.

Type 17-7 PH Stainless Steel is typical of the non-austenitic steels showing brittle cryo-
genic behaviour. Stress-strain curves for Type AM-350 steel are presented to show the

unusual cryogenic behaviour of this material; the stress drops significantly during the

initial plastic deformation, as described in Section 6.4.2.1, and gradually recovers
during increased straining so that the fracture load is approximately the same as the yield
load.
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ABSTRACT /

The tensile properties for 33 polycrystalline structural materials including

aluminum, titanium, nickel and iron alloys were obtained at -256.5°C (30°R)
after irradiation exposure at this temperature to 1017 nvt (E_ 0.5 Mev), at

-256.5°C without previous irradiation, and at approximately 27°C (540°R) with-

out previous irradiation. The data were evaluated statistically to permit identifi-

cation of cryogenic effects and nuclear-cryogenic effects. A number of conclusions

were drawn regarding suitability of certain of the materials for use in nuclear-

cryogenic applications and regarding the need for further investigation.




