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FOREWORD

This is the fourth in a series of progress reports, the purpose
of which is to record and distribute quarterly the collected results
of all structural materials mechanical properties test programs
sponsored by the Reactor Research and Development Division of the
USAEC.

To be useful as resource documents, the reports in this series
must be published and distributed in a timely manner to those in the
reactor design and materials technology community who have a need of
mechanical property test data for nuclear reactor and power plant
applications. A materials index, lists of measurement units and
conversion factors, and stress unit conversion tables are included
to increase the effectiveness of the report.

Reports previously issued in this series are as follows: ORNL-4936,
period ending October 31, 1973; ORNL-4948, period ending January 31, 1974;
and ORNL-4963, period ending April 30, 1974. The next quarterly report
will be for the period ending October 31, 1974, and contributions are due

at ORNL by November 15, 1974.

W. R. Martin
Metals and Ceramics Division
Oak Ridge National Laboratory
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SUMMARY
1. AEROJET NUCLEAR COMPANY

Fatigue and creep-fatigue tests at room temperature and 593°C
(1100°F) of Type 316 stainless steel with 207% cold work are reported.
Aging at 593°C (1100°F) for 1000 hours prior to testing markedly
improves the creep-fatigue properties of this material which is believed
to be due to fine carbides precipitating out on the cold work bands.
Aging or solution annealing also has a slight effect on the zero hold
time fatigue properties at the higher strain ranges (>%0.8%).

Additional tests are reported from efforts to improve the mechanical
properties of Inconel Alloy 718 through modifications of conventional
thermal treatments. Strain fatigue data are summarized for one heat of
material solution—annealed at 1093°C (2000°F), slow cooled at 55.5°C
(100°F) per hour to below the aging temperature, then aged four hours
at 718°C (1325°F) and variously 16 hours or 25 hours at 621°C (1150°F).
For comparison, heat treatment of a portion of the samples was performed
in vacuum rather than in air.

2. ARGONNE NATIONAL LABORATORY

Strain-range partitioning is being considered as a possible creep-
fatigue life predictive method for Type 304 stainless steel. However,
before the inelastic strain range for existing cyclic relaxation data
could be partitioned in a completely unambiguous fashion, a basic diffi-
culty in the load-relaxation curves had to be resolved. The difficulty is
related to the load change that is observed to accompany an abrupt change
in plastic strain rate. This relationship between applied load and plastic
strain rate is discussed, and the proper partitioning of the inelastic
strain accompanying the load change is considered. 1In addition, a test-
ing mode is suggested whereby unambiguous strain range versus fatigue life
data may be generated.

An evaluation was made of the low-cycle creep fatigue and crack propa-
gation of SMA Type 304/308 stainless steel welded plates (with controlled
residual elements made by Combustion Engineering to simulate the seam and
girth welds of the FFTF vessel). The creep—fatigue tests were conducted
in air at 1100°F in the axially controlled strain mode, fully reversed at
a fixed strain rate of 4 x 10~3 sec~l, and at a total strain range (Ae¢)
of 0.5-2%. Preliminary data indicate that the fatigue life of the core
section of the aged weld metal in the longitudinal direction behaves in
a manner similar to that of the corresponding base metal. A slight in-
crease in fatigue life of the weld metal is observed as one moves from
the core toward the surface. 1In the transverse welding direction, no ob-
vious difference is observed in the fatigue life at the core, the surface
weld, or the base metal. The crack-propagation tests were conducted with
single-edge-notch (SEN) specimens under unjiaxial tension loading in saw-
tooth stress waveform at a temperature of 1100°F, a stress ratio of 0.05,
and a frequency of 30 cpm. The crack-growth rate is about the same for

xi
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the base metal in the as-received condition (m = 2.19 + 0.08) as for the
aged condition (m = 2.01 + 0.04). The growth rate for the weld metal in
the aged condition (m = 2.20 + 0.13) is also about the same as for the
base metal; only weld metal in the as-welded condition exhibited a lower
growth rate (m = 1.75 + 0.04). This lower growth rate may be a conse-
quence of the locked-in residual stress during welding fabrication.

Tensile tests and preliminary creep-rupture tests were conducted on
Types 304, 316, and Ti-modified 316 stainless steel upon exposure to
flowing sodium of controlled nonmetallic element concentrations. True
stress—-true strain behavior of these materials in the annealed and carbu-
rized conditions are reported at temperatures of 650 and 700°C. 1In
general, a degradation in the tensile properties of these materials was
observed upon carburization in the sodium environment.

3. HANFORD ENGINEERING DEVELOPMENT LABORATORY
(For Period Ending April 30, 1974)

The fatigue-crack propagation behavior of Incoloy 800 (ASME SB-409)
in an air enviromment was studied at temperatures of 75, 600, 800, 1000,
and 1200°F. Material in both Grades 1 and 2 was studied, and in general,
the crack extension behavior of the two grades was similar over this
temperature range. Fatigue-crack growth rates increased with increasing
test temperatures, although the increases were not as great as observed
in types 304 and 316 stainless steels tested under identical conditions.
The improved behavior of Incoloy 800 is thought to be related to its
superior oxidation resistance.

The effect of thermal aging on the tensile properties and strain rate
sensitivity of type 304 stainless steel has been determined. Specimens
were thermally aged at temperatures of 800, 1000 and 1200°F for exposure
times of 1000, 3500 and 10,000 hr. Testing was performed at the aging
temperatures and at strain rates from 3 X 10™° to sec”!. Results of these
tests indicate thermal aging to 1200°F does not greatly alter the tensile
properties or strain rate sensitivity of type 304 stainless steel.

3. HANFORD ENGINEERING DEVELOPMENT LABORATORY
(For Period Ending July 31, 1974)

Creep strains in 20% cold worked type 316 stainless steel at 850°F
under a stress of 20,000 psi are small (i.e., a strain of 120 x 10~° in
1000 hr), but readily measurable using the microwave extensometer.
Creep strains measured during an in-reactor test were about seven times
larger than those measured in the present laboratory experiment.

Creep rupture testing on three heats of FFTF 28-in.-diam type 316H
stainless steel primary piping has been completed. Tests were performed
at temperatures of 1050, 1200 and 1400°F and rupture times to 2500 hr.
Results of these tests and tensile properties previously reported show
the piping material has excellent high temperature strength and ductility.
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The fatigue-crack propagation behavior of SA-351, Grade CF8 cast
stainless steel was investigated over the temperature range 75—1200°F.
Crack growth rates were slightly lower than in plate material tested
under similar conditions. No effect of crack orientation was noted for
the two orientations studied.

The recovery and recrystallization characteristics of eleven proto-
typic and production fuel cladding lots of 1400, 1500 and 1600°F have
been determined to establish lot-to-lot variations and to provide a basis
for possible improvement in cladding recrystallization characteristics.
Recrystallization at these temperatures was found to be very sensitive
to the heat treatment used just prior to the final 20% reduction in
area.

4. NAVAL RESEARCH LABORATORY

The effect of thermal aging at 1100°F (593°C) for 5000 hours on
fatigue crack growth in Types 304 and 316 stainless steel was inves-
tigated at 1100°F. For the solution-annealed material, thermal aging
produced a slight increase in fatigue crack growth resistance compared
to that of unaged material tested at the same temperature. The cold-
worked materials, however, exhibited a decrease in fatigue crack growth
resistance after thermal aging. No substantial effect of thermal aging
was observed for fatigue crack growth in Type 308 weld metal.

The toughness of Type 316 stainless steel forging and weld metal is
being evaluated with the J-Integral technique. Notched, three-point
bend specimens of 0.2 in. (5.1 mm) and 0.4 in. (10.2 mm) thickness were
loaded statically at 500°F (260°C) and the J integral was calculated
using an approximate equation. The results are expressed in terms of
an R curve which was extrapolated to yield the critical Jj. at crack
initiation. The Jj. value for the weld metal is significantly below
that of the forging. Even with its reduced toughness, the weld metal
is expected to exhibit elastic plastic behavior in structural applica-
tions. Results from forging specimens of 0.2 in. and 0.4 in. thick-
ness suggest a thickness dependence of Jj. when the thickness is
insufficient to meet a proposed minimum requirement of 25J/0f10W based
on results of ferritic steels.

5. OAK RIDGE NATIONAL LABORATORY

Elevated-temperature creep and tensile testing of the ORNL reference
heat of type 304 stainless steel is continuing. Minimum creep rate and
rupture data are reported from tests that reached over 14,000 hr in
duration. Values of the so-called "stable" creep elongation, one of the
possible strain limits criteria, were calculated for the tests run to date,
and it was generally shown to be a function of both temperature and rupture
time. Plans for interrupted creep tests followed by tensile tests are
given and initial test data are reported.
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Ten long-term (50,000-hr) creep tests are in progress on several
different heats of type 304 stainless steel. Two of the creep tests have
reached test times of 23,000 hr.

Aging studies to date on type 304 stainless steel generally indicate
a small decrease in the short-term tensile ductility. Changes in short-
term properties resulting from aging depend upon material composition and
time at temperature. The influence of aging time on creep properties
(i.e., minimum creep rate and rupture time) is mixed in that for the several
heats studied to date increases, decreases, and little change or stability
of these properties have been found.

Aging similarly influenced the tensile and creep behavior of type 316
stainless steel. Both increases and decreases in the yield and ultimate
tensile strength occurred, while the ductility generally decreased.
However, for material deformed by creep both the uniform and total elon-
gation increased, indicating the importance of strain rate.

The effects of carbon, nitrogen, and grain size on the short-term
mechanical properties of types 304 and 316 stainless steel obtained from
this program are compared with predictions from relations given in the
literature. Differences between calculated and measured values are
explained.

Progress in the procurement of various product forms of the type 316
stainless steel reference heat is reported. Methods of maintaining
traceability of various product forms to specific ingots and their pouring
sequence are explained. Delivery of all plate, sheet, and bar items
should be complete by mid-September.

The ORNL computerized data management system for data acquisition,
storage, and calculation is described, and both examples of current
capabilities and plans for future development are given.

Plans are discussed for determining the elastic constants, both
static and dynamic, of a number of structural materials. Test variables
include temperature, heat-to-heat variations, heat treatment, prior cyclic
straining, and anisotropy.

Analytical studies are under way to define optimum specimen design
for mechanical properties tests and to compare experimental behavior with
analytical behavior where appropriate. Highlights of current results from
analytical studies using the hourglass-shaped fatigue specimen are presented.
This work showed that differences would be expected between the uniaxial
stress-strain curves of cylindrical and hourglass specimens.

Design creep data for type 308 stainless steel welds with controlled
residual elements (CRE) are presented graphically. Times to important
levels of strain (0.5, 1, and 2%) and to various characteristic events
during creep, including tertiary creep, are presented, and some comparisons
are made with the properties of type 304 stainless steel base metal.

Creep rate correlations and data that are useful for strain limit evaluation
are presented. As support for the evaluation of whole weldment cross-



section behavior, the tensile property variation is the "heat-affected zone"
of these welds has been explored. Significant increases in the yield
strength occur in this region.

Correlation efforts are actively under way to determine the best
physical and mechanical properties from available data, and their time
and temperature dependences, for 2 1/4 Cr-1 Mo steel. A number of
correlations and their respective tolerance limits have been completed
and are currently undergoing review by the technical community before
being placed in the Nuclear Systems Materials Handbook. These include
time to rupture, ultimate tensile strength, and yield strength.

Uniaxial strain-controlled fatigue data are reported for 2 1/4 Cr-1 Mo
steel. Results from cyclic tests with and without tensile or compressive
hold times are reported. Low-cycle strain-controlled fatigue data obtained
in this program are compared with high-cycle load-controlled fatigue data
reported in the literature. The material underwent both cyclic hardening
and softening, depending upon the temperature and strain range. Compressive
hold times were more damaging to cyclic lives than tensile hold times in
the tests conducted to date. Plans and design details for elevated-
temperature biaxial fatigue tests are briefly reported.

Results of mechanical property (i.e., tensile and creep) determinations
from tests conducted on 2 1/4 Cr-1 Mo steel are reported. Tensile curves
are given over the range 25 to 593°C for strain rates of 0.004 to 0.4/min.
Creep curves are given for 454, 510, and 565°C. Plans for heat-to-heat
variation studies are also given.

The effect of sodium exposure on the mechanical properties of
2 1/4 Cr-1 Mo steel is also of interest since both decarburization and
aging reactions are possible. Specifically, the cyclic creep behavior of
decarburized tubes is under investigation. Photomicrographs of material
as annealed, aged in helium, and decarburized in sodium are compared.

Creep-rupture properties of type 304 stainless steel forging material
weld-overlaid with type 308 are reported for the region adjacent to the
fusion line.

Current results from exploratory deformation studies being conducted
on the ORNL reference heat of type 304 stainless steel are reported.
Results from tests performed over large deformation ranges at various
temperatures and strain rates are compared with predictions based on
several flow models. Variable strain rate tests were also conducted, and
preliminary results indicate that damage at one strain rate could not be
summed linearly and used to estimate retained ductility at another rate.
The influence of temperature and cyclic and monotonic prestraining on the
monotonic creep behavior of the reference heat is being investigated.
Results from cyclic creep tests and short-term single- and multiple-
temperature relaxation tests are also reported. Monotonic creep behavior
interrupted by periods of short-term cycling is also being investigated,
and results from these tests are reported.




Progress on uniaxial and multiaxial creep rupture tests of type 304
stainless steel is reported. In uniaxial tests, strain was not signifi-
cantly localized before tertiary creep. Variations in rupture life in
constant-load and step-load tests are attributed to grain size variationms.

Several alloys (i.e., 2 1/4 Cr-1 Mo and 9 Cr-1 Mo steels, Hastelloy X,
and Hastelloy S) have been obtained for use in our HTGR mechanical property
tests. Procurement of other materials (e.g., Incoloy 800) is in progress.
Mechanical testing to date has been confined to elevated-temperature tensile
tests of the Cr-Mo steels. Matrices for FY 1975 creep-rupture and sub-
critical crack growth tests are being prepared. Our environmental testing
facilities are essentially complete, including the chromatographic equipment.
A bottled environmental supply exhibited good stability during a 600-hr
bleed-down test.

6. WESTINGHOUSE ADVANCED REACTORS DIVISION

Basic specimen creep testing of plate type specimens of the
reference ORNL type 304 stainless steel heat (9T2796) was continued
and the planned tests for uniaxial, uniform gage specimens were com-
pleted at 1100°F. Tubular creep testing of the same heat of material
was continued and one uniaxial and one multiaxial tubular creep test
were completed at 1100°F. Three multiaxial tubular creep tests were
initiated during the present report period. The test matrix and the
load specification for the multiaxial tubular creep tests of type 304
stainless steel were finalized. A tentative test matrix for type 316
stainless steel was prepared. Test equipment and instrumentation were
modified so that all four tubular creep test machines have the same high
quality furnace and instrumentation. Progress was continued in estab-
lishing the procedure to be used to reduce the test data to obtain a
mathematical model for creep behavior.

7. UNIVERSITY OF CINCINNATI

Characterization of creep and tensile substructure of type 304
stainless steel reference heat 9T2796 was initiated. Work has been
completed on three specimens tensile tested at 650°C at various strain
rates. The fast strain rates have been shown to produce dislocation
cell structure whereas slow strain rate produce a subgrain structure.

Minimum creep rate for the reference heat was plotted as a function
of modulated compensated true stress. The stress exponent and activation
energy have been shown to be 7 * 1 and 85 * 5 kcal/mole.

The role of twin boundary-grain boundary intersection on micro-
cracking behavior of type 304 stalnless steel deformed in slow tension
and creep at 650°C have been investigated. The number of cracks
associated with twin boundary-grain boundary intersection have been
shown to increase with decreasing strain rate.
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Microstructure has been compared for Incoloy 800 specimens tested
in push-pull and bend fatigue. It has been suggested that the stress
levels in the region of the surface of bend fatigue specimens were
approximately 147 higher than that along the diameter of the push-~pull
specimens.

8. UNIVERSITY OF CALIFORNIA AT LOS ANGELES

This report describes the progress made on three separate projects.
The first is a study of microstructure-mechanical property relationships
in ferritic Cr-Mo steels containing various carbon contents. The con-
tribution in this project consists of a description of the microstructure
of two alloys, containing 0.03 and 0.12%C, after long-term tempering of
the microstructure resulting from a standard initial treatment of 1300°F
for 1 hr. Tempering was done at 850 and 950°F for times ranging up to
19 months.

The second project is concerned with the effects of small amounts
of prior cold work (up to 10%) on the creep behavior of types 316 and
304 stainless steel at temperatures from 1100 to 1400°F. 1Initial results
suggest that at high stresses (19 and 25 ksi) and temperatures (1400°F),
the rupture life, steady-state creep rate and ductility are not strongly
affected by prior cold work. However, the transient creep behavior is
influenced. Preliminary attempts to characterize the transient creep
behavior are described.

The third project is a study of elevated temperature fracture of
carburized type 316 stainless steel. The yield strength, ultimate ten-
sile strength, true fracture strength and tensile ductility of gas-
carburized sheet samples were determined at 1400°F and correlated with
the volume fraction of the carbon case, since the carbon is not distributed
uniformly throughout the sample but instead promotes a carbide layer,
the thickness of which varies with the carburizing time. A continuous
fibered composite model was found to describe the data quite accurately,
as described in this report.



1. AEROJET NUCLEAR COMPANY

W. C. Francis

1.1 INTRODUCTION

Aerojet Nuclear Company is conducting mechanical properties in-
vestigations under two programs sponsored by the AEC Division of Reactor
Research and Development. Program 06031, Fatigue Tests on Cladding and
Structural Materials, involves experimental fatigue tests on stainless
steel Types 304 and 316 as well as Type 304/308 weldments. These tests
are intended to determine the influence of irradiation, cold work, heat
treatment, heat-to-heat property variations, and temperature on fatigue
behavior. Irradiated, thermal control, as-received, and annealed specimens
are being tested at 427 to 700°C (800 to 1292°F). Current work on ir-
radiated material is reported in the Semi-Annual Progress Report for
the Irradiation Effects on Reactor Structural Materials Program compiled
at HEDL. Unirradiated work currently involves low cycle fatigue and
creep—fatigue tests of Type 316 stainless steel with 20% cold work and
is reported in this document.

Program 06084, Inconel 718 Mechanical Property Program, has as its
primary objective the acquisition of the necessary mechanical property data
to permit safe, efficient use of this material in LMFBR service. The
specific immediate application is for selected structural components of
the Clinch River Breeder Reactor Project. Other reactor service appli-
cations which require high levels of mechanical properties at temperatures
up to 649°C (1200°F) are also expected to make use of this material.

What has been considered standard heat treatments for Inconel 718 has
not consistently yielded acceptable ductility values for the welded
material. Current work involves scoping tests on material subjected to
modified thermal treatments in an effort to optimize the heat treatment
that will yield the best mechanical properties of both base and weld metal.

1.2 FATIGUE TESTS ON CLADDING AND STRUCTURAL MATERIALS - G. E. Korth,
and M. D. Harper

1.2.1 Fatigue and Creep-Fatigue of Type 316 Stainless Steel with 20%
Cold Work

Hourglass fatigue specimens with a minimum diameter of 5.08 mm




(0.200 inch) were machined from a 12.7 mm (0.50 inch) diameter rod of

Type 316 stainless steel with 207 nominal cold work. Some of the specimens
were then aged in an argon environment for 1000 hours at 593°C (1100°F)

and another batch was vacuum annealed at 1075°C (1967°F) for 0.5 hour

and then helium quenched. All three conditions were tested in low cycle
fatigue at room temperature and 593°C (1100°F) with tensile hold times
incorporated into some of the elevated temperature tests. Tests were
conducted in air using induction heating. Testing was performed using
strain control with a fully reversed ramp waveform and a strain rate of
4x1073s71,

Results of the tests are tabulated in Table 1.1 where:

Aegg = total strain range
Asp = plastic strain range at Vv1/2 cycle life
Ao = maximum stress range

max

Ao = stress range

o} = maximum tensile stress amplitude
t,max
O min tensile stress amplitude at the end of a hold time
’
No = number of cycles to the point where a marked decrease in stress

amplitude is noted indicating crack initiation

N5 = number of cycles to the point where a 5 per cent decrease in stress
amplitude occurs

Nf = number of cycles to failure

tg = total time to fail

All the zero hold time data at room temperature and 593°C
(1100°F) is plotted in Figure 1.1 and the hold time data in Figure 1.2.
At 593°C (1100°F) and zero hold time the cold worked material had a
slightly lower fatigue life at the higher strain ranges (>V.8%)
when compared to the annealed stainless. The cold worked plus aged
material had the longest cyclic life. At lower strain ranges (<v0.6%)
the data of all three conditions merges together and no one type appears
to be superior. At room temperature no significant difference is noted
between the various conditions. At both test temperatures cyclic

sof tening was observed with the cold worked material. The maximum stress




Table 1.1 Strain Fatigue Behavior of 316 Stainless Steel 20% Cold Worked,
HT. 81583, Tested at 22 & 593°C

Specimen  Material Hold  dep, X dep, % Ac_max Cycle of Ao @ Nf/2 ot max @ Nf/2 Ot min @ Nf/2 Test °C
No. Condition? Time,h MPA ksi A0 max MPA ksi MPA ksi MPA ksi N5 No Nf tf,h Terp
E2-53 As Rec 0 2.04 1.42 1312.1 190.3 1 1070.1 155.2 535.0 77.6 1,826 1,818 1,832 4.92 22
E2-5 Aged 0 1.98 1.32 1196.9 173.6 6 1071.4 155.4 529.5  76.8 2,157 2,116 2,257 £.07 22
E2-37 Ann 0 1.98 1.48 966,0 140.1 2432 865.3 125.5 428.2 62.1 2,458 2,448 2,494 6.71 22
£2-36 Ann 0 1.10 0.74 717.7 104.1 ~9000 654.3  94.9 324.7 47.1 9,427 9,414 9,433 14,20 22
E2-54 As Rec 0 1.00 0.39 1170.0 169.7 3 961.8 139.5 452.3 65.6 ———-  —=— 13,083 13,034 13,261 18.53 22
E2-26 Aged 0 0.88 0.39 1017.0 147.5 1 847.4 122.9 413.0  59.9 ———— = 23,547 23,537 23,621 30.47 22
E2-25 Aged 0 0.60 0.16 911.2 132.2 1 795.0 115.3 388.6 56,4 55,060 44,42 22
E2-39 Ann 0 0.55 0.30 495.2  71.8 127 482.0  69.9 237.1 34,4 —mee- --=—= 61,909 61,627 62,458 46,38 22
E2-55 As Rec 0 0.51 0.05 852.9 123.7 1 804.6 116.7 415.1 60,2 120,179 80.13 2
2-49 As Rec 0 2.00 1.52 986.6 143.1 3 892.2 129.4 430.2 62.4 407 372 518 1.38 593
£2-23 Aged 0 2,00 1.53 852.9 123.7 3 773.6 112.2 370.2 53.7 674 656 726 1.95 593
E2-43 Ann 0 2.05 1.50 875.6 127.0 110 839.1 121,7 406.1 58.9 574 472 639 1.72 593
E2-31 Aged 0 1.8 1.47 837.7 121.5 1 760.5 110.3 370.2 53.7 740 620 873 2.15 503
E2-48 As Rec 0 1.01 0.56 867.4 125.8 1 812,9 117.9 371.6 53.9 1,320 1,217 1,517 2.09 593
E2-64 As Rec 0 1.01 0.56 861.8 125.0 5 743.9 107.9 356.5  51.7 2,069 2,069 2,240 3.06 593
£2-30 Aged 0 1.00 0.53 755.7 109.6 5 667.4 96.8 329.6  47.8 2,713 2,692 2,807 3.93 593
E2-50 Ann 0 1.00 0.62 604.7 87.7 138 604.7  87.7 300.6  43.6 2,211 2,195 2,308 3.17 593
E2-42 Ann 0 0.90 0.51 556.4  80.7 200 580.5 84,2 285.4  41.4 3,176 3,092 3,512 4,15 593
E2-32 Aged 0 0.81 0.44 695.7 100.9 1 585.4 84,9 276.5  40.1 5,124 5,110 5,432 6.01 593
E2-38 Ann 0 0.62 0.23 595.0 86.3 300 559.8 81.2 276.5 40,1 7,924 7,739 9,092 7.42 593
E2-52 As Rec 0 0,52 0.15 708.1 102.7 1 645.3  93.6 293.7 42,6 -—--- ———— 12,613 12,226 14,065 9.59 593
E2-24 Aged 0 0.50 0.16 639.1 92.7 1 551.6  80.0 266.8  38.7  —-——- ———— 28,494 28,326 29,376 20.04 593
E2-4é4 Ann 0 0.51 0.23 450.9  65.4 436 437.1  63.4 201.3  29.2  ememem mmeme 10,266 10,156 10,780 7.35 593
E2-33 Aged 0 0.46 0.13 624.0 90.5 1 555.7  80.6 235.1 kT R 15,555 15,116 16,077 9.73 593
E2-47 Ann 0 0.42 0.19 355.8 51.6 429 355.8  51.6 177.9 25,8 = ————— - 31,971 31,724 32,969 17.96 593
E2-56 As Rec 0 0.41 0.07 677.1 98.2 1 617.1  89.5 274.4 39.8 ————- 45,441 24.76 593
E2-29 Aged 0 0.38 0.06 576.4 83.6 1 499.9  72.5 246.8  35.8 184,500>  94.91b 593
E2-66 A8 Rec 0.01 2.00 1.58 949.4 137.7 2 814.3 118.1 394.4 57,2 340.6  49.4 491 475 514 6.64 593
E2-35 Aged 0.01 2.00 1.60 822.5 119.3 2 738.4 107.1 353.7 51.3 315.1  45.7 705 691 761 9.98 593
E2-46 Ann 0.01 2.00 1.57 784.6 113.8 78 773.6 112.2 375.8  54.5 353.7 51.3 580 546 596 7.72 523
E2-59 As Rec 0.01 1.00 0.55 857.7 124.4 1 732.2 106.2 351.6  51.0 327.5  47.5 1,908 1,881 2,016 22.02 593
E2-58 As Rec 0.01 1.00 0.56 770.1 111.7 1 676.4 98.1 327.5 47,5 308.9  44.8 —————- ————— 2,021 22.07 593
E2-22 Aged 0.01 1.00 0.62 733.6 109.3 1 628.8 91.2 295.8 42,9 289.6  42.0 2,670 2,650 2,912 31.94 593
E2-45 Ann 0.01 1.01 0.65 621.2  90.1 147 611.6 88,7 297.2  43.1 270.3 39.2 1,714 1,699 1,821 20.00 593
E2-63 As Rec 0.01 0.50 0.12 698.4 101.3 1 624,.0 90,5 288.9 41.9 281.3 40.8  —-m—-- e 9,000® 99.9ab 593
E2-28 Aged 0.01 0.51 0.14 610.2 88.5 1 526.1 76,3 233.7  33.9 220,6 32,0  —mmmem mmeeee 20,863 220,93b 593
E2-67 As Rec 0.1 2.00 1.52 954.2 138.4 3 799.8 116.0 386.1  56.0 307.5 4446 3 354 384 39,52 593
E2-21 Aged 0.1 1.98 1.64 828.1 120.1 2 707.4 102.6 331.6  48.1 287.5  4l.7 748 738 758 77.22 593
E2-41 Ann 0.1 2.00 1.60 746.0 108.2 44 733.6 106.4 349.6  50.7 3064.1 44,1 318 307 327 33.52 593
E2-57 As Rec 0.1 1.00 0.62 803.9 116.6 1 662,6 96,1 304.,1 44.1 252.3 36.6 917 915 1,017 103.29 593
E2-34 Aged 0.1 1.00 0.65 723.3 104.9 1 616.4 89,4 291.6  42.3 256.5 37.2 2,674 2,515 2,882  291.76 593
E2-51 Ann 0.1 1.00 0.65 625.4 90.7 347 823.3  90.4 296.6 43.0 296.6 39.1 974 926 1,136 114,82 593
E2-65 As Rec 0.5 2.00 1.63 926.0 134.3 2 762.6 110.6 370.2 53,7 276.5  40.1 246 233 275 136.31 593
E2-27 Aged 0.5 2,01 1.52 839,8 121.8 2 728.8 105.7 354.4 51.4 259.9 37.7 537 504 566 280.65 593
E2-40 Ann 0.5 2,00 1.64 751.5 109.0 17 727.4 105.5 359.2 52.1 271.6 39.4 173 148 197 97.49 593
E2-60 As Rec 0.5 1.03 0.62 823.2 119.4 1 622.6  90.3 292.3  42.4 224.8  32.6 537 499 587  291.21 593

aAs Rec = as wmachined condition, 20X CW
= 20% CW plus 1000 h at 593°C
Ann = solution annealed at 1075°C for 1/2 h and helium quench

Aged

bpid not fail
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Figure 1.1 Strain Fatigue Behavior Of Type 316 Stainless Steel at 22°C and 593°C In The 20% CW, Plus
Aged, And Annealed Conditions
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and corresponding cycle are listed in the tabulated data as well as
half-cycle life values to demonstrate the softening observed. The
annealed material showed the classical cyclic hardening.

When hold times were included at the peak tensile strain of
each fatigue cycle a rather marked increase in creep~fatigue resistance
was seen for the aged material when compared to the annealed and the as-
cold worked stainless steel. All conditions showed no hold time effect
for 0.01 hour dwell periods; but as hold times were increased a steady
decrease in cycle life was observed for the annealed and cold worked
material. The cold worked plus aged stainless, however, showed no effect
of hold times except one test at 2% strain range and 0.5 hour hold. With
tests run to date the annealed material shows a tendency towards more
creep—-fatigue damage than the as-cold worked, especially at the highest
strain range and longer hold times.

Optical and electron metallography was performed on all three
conditions and is shown in Figures 1.3 through 1.7. The aging treatment

precipitated carbides on the cold work lines as can be seen in Figures 1.3

and 1.4. Closer examination with TEM showed the carbides to be quite small

in size (5 to 50 nm) and electron diffraction showed them to be of the
M23Cq type. It was undoubtedly the fine carbides that gave the aged
material the better creep-fatigue resistance. A similar phenomenon of
fine carbides and superior creep-fatigue properties has also been seen in
Type 304 stainless steell, All the specimens examined by TEM were from
1% strain range with 0.1 hour hold time tests so that the test section of

the specimens was at 593°C (1100°F) from 100 to 300 hours. Foils taken

from the gage section did show the fine carbides were starting to precipitate

out in the asmcold worked and annealed material due to the long time at
test temperature. However carbides formed during test were smaller and

less dense than those from the previously aged material.

1c. R. Brinkman and G. E. Korth, J. Nucl. Mats 48 (1973) 293-306.



















12

1.3 INCONEL 718 MECHANICAL PROPERTY PROGRAM - D. D. Keiser, W. G. Reuter,
G. R. Smolik, H. L. Brown

1.3.1 Development and Optimization of a Modified Heat Treatment for
Inconel 718

In the program to improve the mechanical properties of Inconel
718 via modified heat treatment, activity continues on elevated temperature
tensile testing for strain-age-cracking susceptibility and on elevated
temperature stress-rupture testing. The data reported here represent
only the completed and evaluated test efforts. It must be emphasized,
however, that they are preliminary and may not adequately describe the
general behavior of Inconel 718.

Table 1.2 presents data from strain-controlled, fully-reversed
fatigue tests at 538°C (1000°F) for heat 2180-2-9251. 1In Figure 1.8, the
data points are compared with best-fit curves for fatigue data from
similar material receiving either of the commonly-used heat treatments
based on 940°C (1725°F) solution anneal plus age or 1038°C (1900°F)
solution~anneal plus age. For total strains below 4.2% the data agree
well with the curve for 1038°C (1900°F) anneal plus age. Above 4.2%
strain, both scatter and departure from the best-fit curve are evident.

No difference is seen in the fatigue behavior of these samples for
either the longer aging cycle or vacuum versus air heat-treatment

environment.

’C. R. Brinkman and G. E. Korth, "Strain Fatigue and Tensile Behavior of
Inconel 718 from Room Temperature to 650°C," ANCR-1125 (1973).




Table 1.2. Strain Fatigue Behavior of Inconel 718 with Modified Heat Treatments

Total Plastic Elastic Strain Stress Cycles for
Strain Strain Range Range at Stress Range, Amplitude Cycles to 5% Tensile Cycles to Strain
Specimen Modified Range, at Ng/f2, Nf/2, Ace, Ag at Nf/2 ot _at Nf/2 Crack Initation Load Dec. Failure, Rate, Test Heat
No. Heat Treat _Aft,% AEp, % % MPA ksi MPA ksi No Ng N¢ ¢,s=1 Temp °C No.
1-1-5-14 b 5.61 3.89 1.72 2533.9 367.5 1203.1 174.5 47 47 48 4x10™3 538 1¢
1-1-3-38 b 5.25 3.75 1.50 2591.1 375.8 1238.3 179.6 46 48 48  4x10"3 538 1
1-1-4-40 a 5.19 3.50 1.69 2552.5 370.2 1201.1 174.2 37 37 38 4x10™3 538 1
1-1-4-49 b 4,05 2.40 1.65 2340.8 339.5 1132.8 164.3 108 132 138 4x10-3 538 1
1-1-5-11 c 3.53 1.97 1.56 2231,2 323.6 1071.4 155.4 195 197 197 4x10-3 538 1
1-1-5-9 a 2,98 1.54 1.44 2132.6 309.3 1042.5 151.2 304 319 326 4x10-3 538 1 |
1-1-5=12 c 2,02 0.72 1.30 2040.2 295.9 990.1 143.6 616 631 635 4x10~3 538 1 |
1~-1-4-39 a 2.00 0.69 1.31 1967.0 286.6 952.2 138.1 743 751 758 4x1073 538 1
1-1~4-38 a 1.00 0.08 0.92 1683.7 244,2 809.4 117.4 6,427 6,460 6,558 4x1073 538 1
1-1=-4-37 a 0.91 0.03 0.88 1477.5 214.,3 702,6 101.9 11,772 11,817 12,045 4x10-3 538 1
1-1-5-10 c 0.75 0.01 0.74 1251.4 181.5 616.4 89.4 28,156 28,290 28,392 4x10"3 538 1 =
1-1-3-20 b 0.70 0 0.70 1134.9 164,6 559.9 8l.2 36,264 36,684 37,089 ln(lo'3 538 1 w
1-1-4-47 b 0.65 0 0.65 1036.4 150.3 476.4  69.1 d d 139,895 d 538 1

41093°C(2000°F) Solution anneal, cool at 55.5°C(100°F) per hour to below aging temperature,
duplex age 718°C(1325°F) four hours and 621°C(1150°F) sixteen hours
bSame as (a) except all heat treating performed in vacuum
CSame as (a) except 621°C(1150°F) age was for 25 hours
dRun in strain control to 83,300 cycles at & = 4x10-3s~1 then run in load control at 1 Hz to failure
€ANC Heat No. 1 is Cabot 2180-2-9251
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2. ARGONNE NATIONAL LABORATORY

R. W. Weeks

2,1 INTRODUCTION

Argonne National Laboratory (ANL) is conducting an extensive program
to provide low-cycle, high-temperature fatigue data on Types 304 and 316
stainless steel in support of LMFBR component design, as outlined in a
previous report.1 The present report describes some considerations in-
volved in the application of strain-range partitioning to elevated-
temperature fatigue life prediction, crack-propagation work on Type 304/308
stainless steel weldments, and the effect of sodium on the tensile and
creep behavior of austenitic stainless steels.

2.2 TFRACTURE AND FATIGUE STUDIES ON STAINLESS STEELS -- D. R. Diercks,
C. F. Cheng, and P. S. Maiya

2.2.1 Some Considerations Involved in the Application of Strain-range
Partitioning to the Prediction of Low-cycle Fatigue Life for Type
304 Stainless Steel —— D. R. Diercks

Manson and co-workers? 3 have proposed a life-predictive method, known
as strain-range partitioning, that is applicable to combined creep-fatigue
testing conditions. This method is based upon the premise that the in-
elastic strain which a component or specimen experiences may be classified
as either plastic (time-independent) strain or creep (time-dependent, non-
recoverable) strain. Anelastic strains are ignored. For reversed loading,
four possible types of strain ranges exist: Aepp’ plastic strain in ten-
sion reversed by plastic strain in compression; Aepc, plastic strain re-
versed by creep strain; Aecp’ creep strain reversed by plastic strain; and

Aecc, creep strain reversed by creep strain. In general, each of the

15
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strain components is considered to make a different contribution to the
damage process, and the damage from each component is summed linearly
when the method is applied to the life prediction.

We are, at present, checking the predictions of the strain-range
partitioning method against our experimental results for selected 593°C
(1100°F) hold-time tests. However, before the strain ranges for these
selected tests could be partitioned in a completely unambiguous fashion,

a basic difficulty in the load versus time curves had to be resolved.
Figure 2.1(a) shows the total strain versus time waveform for a strain-
controlled test with tension hold time, and Fig. 2.1(b) shows the some-
what idealized load waveform required to obtain this response. At time

tis where the total strain rate is abruptly changed from ét = él to ét =0,
an abrupt drop in the load is observed, followed by the usual load relax-
ation during the hold time at constant strain. Similarly at time t2, an
abrupt strain-rate change is accompanied by an abrupt change in load.

(In the actual load records, of course, inertial effects in both the hy-
draulic system of the test machine and the recorders cause these load drops
to occur over a short, but finite time rather than instantaneously.) It
has now become evident that these abrupt load changes are manifestations

of a general relationship between applied stress and plastic strain rate.
Thus, when all other conditions are constant, the applied stress necessary
to impose a given plastic strain rate increases with an increase in plastic
strain rate. At times t1 and t2 in Fig. 2.1, abrupt changes in load are
necessary to achieve the programmed abrupt changes in total and plastic

strain rates. This variation in applied stress, or flow stress, with im-

posed strain rate is a familiar effect in the monotonic tensile deformation
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of Type 304 stainless steel"s> and is now becoming apparent in the cyclic
deformation. As further evidence, we observe experimentally that the

load drop associated with a change in total strain rate from 4 x 10_5

sec = to zero is much less than that associated with a change from

4 x 10_3 sec_l to zero. It should be noted that Hart and co-workers®s’
have mathematically formalized this variation of flow stress with plastic
strain rate into the concept of a mechanical equation of state with the
state variables being flow stress, plastic strain rate, "hardness state"
(or resistance to plastic flow), and temperature. Furthermore, Yamada
and Li® have obtained experimental results indicating that Types 304 and
316 stainless steel behave according to this sort of mechanical equation
of state, at least at room temperature.

We now turn to a consideration of partitioning the strain range for

a cyclic~relaxation test. The relaxation portion of the load record of

Fig. 2.1(b) (P2 - P3) can be related to a creep strain (in this case Aecp).

However, an inelastic strain is also associated with the abrupt load drop
Pl - Pz, since it occurs at constant total strain, and typically this
strain is found to be of the order of 2 x 10_4 or 0.02% for the 593°C
(1100°F) hold-time tests partitioned to date. This is about equal to the
Aec strain associated with a tension hold time of 15 min at a 2% total
strain range or 60 min at a 1% total strain range. Thus, the inelastic
load-drop strain is significant and must be properly taken into account
in strain-range partitioning. Since a finite time is required for the
load drop to occur in a real test, the drop may be expected to include

some creep strain associated with the load relaxation that would occur

in this finite time increment. However, the preponderence of the load
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drop appears to be a strain-rate-change effect, and this portion is more
properly classified as a plastic (here Aepp) strain. Since the time re-
quired for the drop to occur is found to be negligible compared with the
constant strain hold times, we have decided to treat the strain associated
with the load drop entirely as a plastic component.

One must now be concerned with generating the partitioned strain
range versus life curves. Let us consider the Aecp data specifically. An
apparent method of generating these data is that of cycling in load con-
trol, as shown in Fig. 2.2(b), where the loading rates between hold times
are sufficiently great so that negligible creep damage occurs. The load-
ing rate is switched to zero at time tl when the strain reaches €1
[Fig. 2.2(a)], and the load is held constant until the strain reaches €q¢
- €, per cycle. How-

3

ever, closer examination reveals that the strain e3 - €

This would appear to give a Aecp strain range of €

1 is actually mixed

Ae and Ac . At time t, when strain e, is reached, the applied load is
cp PP 1 1

Pl and the corresponding plastic strain rate is él. At some small time

increment At later, the applied load is still Pl and, since the specimen
has undergone very little further deformation and hardening, the plastic
strain rate will still be ~ él. The deformation mode of the specimen will
only gradually change from plasticity to creep as it deforms at constant

1 3 2
is, in general, rather poorly defined [Fig. 2.2(a)].

load P,. The Aecp strain will thus be €, - €, rather than €3~ € where
€2

To circumvent this difficulty, we have developed an alternative load-
ing waveform for generating the partitioned strain range versus life data.

The computer-controlled testing machine is employed to conduct the test.

The situation will again be illustrated for the Aecp data (Fig. 2.3). The
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cyclic portion of the loading is accomplished in strain control, with a
relatively high strain rate to minimize creep effects. When the strain

reaches the value ¢. at time tl [Fig. 2.3(a)], the strain rate is changed

1
abruptly to zero, but the test remains in strain control. This causes a
readjustment in load from Pl, corresponding to the plastic strain rate
just before tl, to PZ’ corresponding to the plastic strain rate just
after t,. After a short delay (typically, ~ 3 sec), the test is switched

1

to load control at constant load P and the specimen is permitted to

2’

At e, the test returns to strain con-

creep to the upper strain limit € 9

9°
trol, and the specimen is cycled into compression. In this manner, the

strain €)= & is entirely Aecp in character. The strain corresponding

to the load change Pl - P2 is interpreted as entirely Aepp, as described

above for the cyclic-relaxation tests. The hysteresis loop that corre-
sponds to the test described here is shown in Fig. 2.4.

To date, the above procedures have been used to partition the strain
range for v~ 30 cyclic-relaxation tests. In addition, Aepp versus Npp and
limited Aec versus NCp data have been generated. These data will be in-
cluded in a future report, when more complete results are available.

2.2.2 Low-cycle Creep Fatigue and Crack Propagation of SMA Type 304/308
Stainless Steel Weldments -- C. F. Cheng

ANL is studying the low-cycle creep fatigue and crack growth of SMA
Type 304/308 stainless steel welded plates with controlled residual ele-
ments made by Combustion Engineering to simulate the seam and girth welds
of the FFTIF vessel. The details of the fabrication and mechanical proper-

ties of the welded plates have been reported by ORNL.%>10 Weld-metal and

base-metal specimens were sectioned from welded plates as shown in Fig. 2.5.




Fig. 2.4.
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All dimensions are in inches.
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The machined and ground specimens were then tested in either the as-
fabricated condition or a subsequently aged condition. The specifications
of smooth specimens for the creep-fatigue tests and the SEN specimens for
the crack-propagation tests are shown in Fig. 2.6.

All low-cycle, creep-fatigue tests were conducted in a closed-loop
hydraulic machine.l!! The machine uses a set of two horizontally oriented
diametral extensometers 90° apart, a load cell, and an analog strain com-
puter to monitor continuously the average diameter change, axial load,
and axial strain at the gauge section of the specimen, respectively.12
Dual diametral extensometers were used to compensate for the anisotropic
deformation of the weldment. The elastic Poisson's ratio for different
orientations and locations of the weldment (Fig. 2.5) was determined from
tensile tests using a uniform gauge-section specimen with simultaneous
recordings of axial and diametral extensometers. The plastic Poisson's
ratio was taken as 0.5, and Young's modulus, E, was obtained from the
hysteresis loop of stress versus strain in the low-cycle, creep-fatigue
test.

All tests were conducted in air in the fully reversed, axially con-
trolled strain mode at a fixed strain rate of 4 x 10_3 sec_l. The tests
were performed in the total strain range from 0.5 to 2.0%Z at a temperature
of 1100°F. Data showing the logarithmic relationship between total strain
range (Aet) and plastic strain range (Aep) versus fatigue life (Nf) are
plotted in Fig. 2.7. The ANC data are for base metal in the as-fabricated
condition using either hourglass specimens with a diametral extensometer
(solid lines) or uniform gauge specimens with an axial extensometer

(dashed lines). All other ANL and ANC data points are included for
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comparison. At ~ 1/2% Aet, the two lines merge. Note in Fig. 2.7(a)

that the data points for the ANC uniform gauge specimens at both the sur-
face (S) and center (C) sections of the weld metal lie on the dashed line
for the corresponding base-metal specimens, whereas the single data point
at the weld-metal core (L3) of the ANL smooth specimen lies on the solid
line for the base-metal hourglass specimens. The preliminary data in

Fig. 2.7(b) indicate that the data points for the aged base-metal smooth

specimens lie on the dashed line for as-fabricated base-metal hourglass

specimens. The same is true for the longitudinal weld metal at the core
(L3). In general, for weld-metal specimens (L1, L2, L4, L5), the fatigue
life decreases slightly as the distance from the core increases. Addi-
tional tests are needed to confirm the observation. It is suspected that
the differences in ferrite content may influence the fatigue life; metal-
lographic examinations of the failed specimens are in progress. Figure
2.7(c) is a plot of data points for the transverse weld-metal specimens.
All data points for the aged smooth specimens at different locations in
the weld metal fall on the dashed line for base-metal hourglass specimens
in the as-fabricated condition. The scattered points that do not follow

the general pattern may be the result of localized difference in micro-

structure, and the failed specimens will be examined metallographically to

determine the microstructure.

Crack Propagation

Weld-metal and base-metal specimens in the single-edge-notch (SEN)
configuration.were machined from welded plates, as shown in Fig. 2.8.
Each specimen (Fig. 2.6) was cycled under uniaxial tension loading using

a saw-tooth waveform at a constant stress ratio (R = o /o ). The

min’ max
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crack growth was viewed through a microscope, and the number of cycles
was recorded as the crack traversed a series of parallel scribe marks at
50-mil increments from the side notch. The average crack length is de-
termined by the cross-sectional area of the cracked surface up to the
crack front of the fracture surface divided by the thickness of the speci-
men. The test conditions and results are summarized in Table 2.1. The
crack-growth rate da/dN was determined for each increment of crack exten-
sion, and the stress-instensity factor range was calculated, as previously
described,l% based on the average crack length for that increment.
Analysis of the fatigue crack-growth data was made on the basis of

the power law relating da/dN to AK', which is expressed as

da/dN = ¢ (AK')",

where C and m are constants, and AK' is selected over AK because AK'
corrects for the plastic zone.

Figures 2.8 and 2.9 are logarithmic plots of da/dN versus AK' (or AK)
for base metal in the as-received or aged condition and weld metal in the
as-welded or aged condition, respectively. Figure 2.8(a) shows our data
points are in good agreement with NRL data,l1® represented by the dashed
line in the da/dN versus AK plot. Furthermore, no significant difference
in the crack-growth rate is observed (Figs. 2.8 and 2.9) as the crack
traverses the scribe marks under the following test .conditions: (a) con-
tinuous cycling, (b) l-min tension hold, (c) reduce frequency to 0.3 cpm,
and (d) stop and restart. Test condition (b) gives a clear demarcation

of the crack contour.
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Table 2.1. Crack Propagation of SMA Type 304/308 Stainless Steel Weldments

Frequency: 30 cpm; Stress Ratio R: 0.05; Temperature: 1100°F

Test Specimen aavg’ Pavg’ da/dN, AK, rp,a AK', Cycling
Number Number 10-3 in, 103 1b 10-6/1n. ksiv1in. 10-3 {in. ksivin. Conditions

Base Metal: As-received

1c CE32B3 294.7 4.830 11.79 19.08 41.7 20.39
377.2 4.820 22.80 25.79 76.1 28.61
2 CE32Bl 220.4 7,743 16.17 22.92 60.1 25.86 4
276.4 7.738 35.05 28.62 93.7 33.12
360.6 7.723 78.11 34.90 182.1 42.82
441.7 7.678 160.29 53.44 326.7 70.48 J
4C CE32B5 403.9 7.531 95.75 44.80 229.6 56.11 )
447.0 7.606 176.16 54.00 333.6 71.36
Base Metal: Aged (1000 hr at 1100°F) w
N
6C CE33B5 191.3 7.629 11.49 19.91 45.3 22.14
247.9 7.629 19.23 25.25 72.9 28.72
294.9 7.614 29.27 30.08 103.5 34.96
340.1 7.594 38.36 35.69 145.7 42.66
386.3 7.599 78.59 42.10 202.8 51.99
433.6 7.593 120.11 51.17 299.5 66.54
479.6 7.588 209.4 61.77 436.5 85.37
?
11c CE33B6 224.6 5.774 9.30 17.43 34.7 18.73
252.6 5.754 13.12 19.28 42.5 20.84 (2)
374.9 5.758 32.30 30.58 107.0 34.97
433.2 5.753 56.86 38.66 171.0 45.66
486.7 5.753 107.88 48.32 267.1 60.13
14C CE33B2 226,2 4.740 6.81 14.36 23.6 15.09
256,3 4.740 8.55 16.07 29.5 16.99
298.6 4,750 10.60 19.02 41.4 20.30
363.6 4,745 21.77 24.27 67.4 26.42
7c CE33Bl 213.7 7.599 17.69 21.81 54.4 24.33 |
304.9 7.600 39.40 31.31 112.1 36.41 G
356.9 7.590 63.48 37.87 164.1 45.76 )
395.5 7.590 105.00 43.72 218.7 54.48
440.1 7.590 163.60 52.37 313.7 68.54



Table 2.1. Crack Propagation of SMA Type-304/308 Stainless Steel Weldments (Contd.)

Frequency: 30 cpm; Stress Ratio R: 0.05; Temperature: 1100°F

a

Test Specimen aavg' Pavg? da/dN, AK, Y AK', Cycling
Number Number 10-3 in. 103 1b 10-6/1n. keiv/1in. 10-3 in. ksi/in. Conditions
Base Metal: Aged (1000 hr at 1100°F) (Contd.)
18C CE33B4 210.8 7.599 18.57 21.73 54.0 24.35 )
265.7 7.598 22.43 26.82 82.3 30.69
314.4 7.599 43.09 32.37 119.9 38.05
363.1 7.599 74.91 38.68 171.1 46.91 ) (4)
412.0 7.599 116.30 46.96 252.3 59.63
457.7 7.599 143.70 56.23 361.7 75.24
487.8 7.599 199.50 63.83 466.1 89.26
19C CE34B2 209.6 7.620 23.45 21.57 53.2 24.15 )
268.4 7.620 31.76 27.05 83.7 30.98
316.3 7.640 40.71 32.85 123.4 38.74 } (1)
379.5 7.640 92.87 41.33 195.4 50.87
432.9 7.620 123.20 50.98 297.3 66.21 J
Weld Metal: As-welded
10C CE39W8 189.6 5.695 7.96 14.81 27.9 15.86 )
231.3 5.690 10.24 17.53 39.0 18.95
16C CE41W6 284.8 7.606 31.24 28.90 106.1 33.86
366.3 7.599 52.67 39.14 194.6 48.43
426.6 7.604 94.51 49.73 314.1 65.52
Weld Metal: Aged (1000 hr at .1100°F)
12C CE39W1 204.1 7.596 9.61 21.04 56.2 23.76 %
256.9 7.596 24,33 25.83 84.7 29.79 ()
306.5 7.593 37.76 31.66 127.3 37.67
348.0 7.596 61.18 36.76 171.6 44,92
398.8 7.596 136.20 44,21 248.2 56.31
467.9 7.592 294,10 58.46 434.1 81.17
13C CE39W2 219.6 5.700 5,61 16.87 36.2 18,21
335.6 5.693 19.40 26.41 88.6 29.69
390.7 5.685 33.51 32.06 130.6 37.03

454.9 5.690 69.57 41.77 221, 50.94 )

€€



Table 2.1. Crack Propagation of SMA Type 304/308 Stainless Steel Weldments (Contd.)

Frequency: 30 cpm; Stress Ratic R: 0.05; Temperature; 1100°F

a

Test Specimen eavg’ Pavg? da/dN, 8K, Th» AK' Cycling
Number Number 10-3 1in. 103 1b 10-6/1n. ksivin, 10-3 in. ksi/ig. Conditions
Weld Metal: Aged (1000 hr at 1100°F) (Contd.)
17¢C CE39W5 210.7 7.600 15.23 21.58 57.6 24.35
267.0 7.624 25.07 26.99 90.2 31.22
320.1 7.647 29.36 33.42 138.3 39.99
369.0 7.612 55.00 39.65 194.6 49.00 (4)
420.5 7.612 91.19 48.72 293.8 63.49
460.7 7.647 147.34 57.35 407.1 78.71

8calculated value based on cyclic yield strength at 1100°F at 37.3 ksl for base metal and 35.8 for weld metal.l?

b(l) Continuous cycling (circles in figures); (2) l-min tension hold at each scribe mark (squares in figures);
(3) reduce frequency cpm to 0.3 at each scribe mark (diamonds in figures); (4) stop test and restart at
each scribe mark (triangles in figures).

Ye
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The crack-growth rate is about the same for the base metal in the
as-received (m = 2.19 + 0.08) and aged (2.01 + 0.04) conditions. The
growth rate for the weld metal in the aged condition (m = 2.20 + 0.13)

is also about the same as that for the base metal; only the weld metal

in the as-welded condition exhibited a lower growth rate (m =1.75 1_0.04).

This lower growth rate may be a consequence of the locked-in residual
stress during welding fabrication.

2.3 SODIUM EFFECTS ON LMFBR MATERIALS -- T. F. Kassner

2.3.1 Influence of Sodium Environment on Tensile and Creep Behavior of

Austenitic Stainless Steels -- K. Natesan, D. L. Smith, and
J. Y. N. Wang

The effect of carburization on the tensile and creep-rupture proper-
ties of Types 304, 316, and Ti-modified 316 stainless steel is being de-
termined after exposure of the materials to well-characterized sodium at
temperatures between 550 and 700°C. Although prior work!6-21 has shown
that carburization of austenitic stainless steels increases the ultimate
tensile strength and proof stress with a corresponding decrease in ductil-
ity, the tensile properties have been correlated with the average carbon
concentration in the materials rather than with the surface carbon concen-
tration and the depth of carbon penetration in relation to the specimen
thickness. In most instances, both the surface and average carbon concen-
trations in the materials were considerably higher than can reasonably be
expected22 for stainless steels after long-term service in reactor heat-
transport systems.

In this program, the initial criterion chosen for comparison of the
property data at various temperatures is the constancy of the depth of

penetration of carbon in the specimens, since the surface carbon
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concentration in the steels decreases as the exposure temperature increases
at a fixed carbon concentration in sodium. The surface carbon concentra-
tion for the three materials will also be different at any temperature.

The relationship between the carbon concentration profiles and the mechan-
ical behavior will be further explored at several temperatures between

500 and 650°C by varying the surface carbon concentrations in the materials
over a range that could occur in the intermediate heat exchanger and the
primary and secondary system piping. This will be accomplished by con-
trolling the carbon concentration in the sodium at different levels during
the exposure period.

The composition of the three austenitic stainless steels is given in
Table 2.2 along with the final heat treatment of the 15-mil-thick sheet.
Tensile and creep specimens of these materials, which were fabricated
according to ASTM standard E8-69, have been exposed to flowing sodium at
temperatures of 550, 600, 650, and 700°C for ~5000, 1500, 300, and 100 hr,
respectively, to yield “4 mils of carbon penetration. Additional speci-
mens are being exposed to sodium of the same carbon concentration to pro-
duce 8 mils of carbon penetration in the materials at 600, 650, and 700°C
(exposure times of 5000, 1500, and 500 hr, respectively).

A number of the annealed specimens and those with 4- and 8-mil carbon
penetration depths have been tensile tested in an Instron machine at a
crosshead speed of 0.02 in./min. This corresponds to an initial strain
rate of 4 x 10_4 sec—1 for the 0.875-in. gauge-length specimens. Repre-
sentative true stress-true strain curves for Types 304, 316, and Ti-
modified 316 stainless steel are shown in Figs. 2.10 to 2.12, respective-

ly, at test temperatures of 25, 550, 600, 650, 700, and 750°C. The results
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Table 2.2. Composition of Austenitic Stainless Steels

Material Heat , Concentration, wt%
C N P S Cr Ni Mn Si Mo Ti Cu Co

304 Ss@ 9T2796 | 0.046 0.038 0.026 0.012 17.7 9.3 1.17 0.47 0.33 0.03 0.20 0.10

316 ss? v87210 | 0.058 0.007 0.026 0.011 1l6.7 13.9 1.43 0.46 2.84 0.04 0.06 0.03

Ti-modi~

fied b 82190 |0.080 0.010 0.010 O0.008 17.0 13.9 1.46 0.05 2.90 0.24 0.01 0.03
316 SS

LE

8The 15-mil-thick material was solution annealed for 30 min in argon at 1025°C and water quenched.

Same as a, except the annealing temperature was 1100°C.
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are in good agreement with prior data?3-25 obtained on these heats of
materials and will be used as base-line information for comparison with
the tensile properties after exposure to the high-temperature sodium en-
vironment.

The true stress—true strain behavior of Types 304, 316, and Ti-
modified 316 stainless steel after exposure to flowing sodium for 312 and
1512 hr at 650°C is shown in Figs. 2.13 to 2.15. The surface carbon con-
centrations in the specimens were determined from combustion analyses of
2-mil-thick foils of the three materials, which were equilibrated in the
sodium during the specimen-exposure period. These surface carbon concen-
tration values were used with the kinetic analysis for carbon diffusion??
to obtain the concentration profiles shown in Figs. 2.13 to 2.15. The
mechanical test specimens are being analyzed to determine the average
carbon concentrations for comparison with the amount of carburization
associated with the curves in these figures. This approach is necessary,
since an evaluation of the profiles by hardness measurements or metallog-
raphy will not be quantitative at the indicated carbon concentration
levels.

Similar true stress—true strain behavior for the three materials is
shown in Figs. 2.16 to 2.18 after exposure to 700°C sodium for 120 and
504 hr. The degree of carburization in these specimens is somewhat less
than that for the corresponding material at 650°C because of the lower
surface carbon concentrations. Shorter exposure times were required to
achieve the “4- and 8-mil carbon penetration depths at 700°C. Figure 2.19

shows the engineering tensile strength as a function of temperature for

Types 304, 316, and Ti-modified 316 stainless steel in the annealed
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condition and for the sodium-exposed specimens with a small degree of
carburization. At these carbon levels, a small reduction in the tensile
properties of the materials occurs. Additional data for these materials
are being obtained at different carbon levels. The data will be used to
develop quantitative relationships between the tensile properties and the
carbon concentration profiles, which are dependent on the exposure time,
temperature, and the carbon concentration in sodium.

Specimens with 4-mil carbon penetration depths are also being creep
tested at 650 and 700°C in an argon environment using dead-lcad testing
machines. The creep strain in the specimens is measured by a linear
variable differential transducer in which displacements of 0.02 mil can
be accurately determined. Figure 2.20 shows the strain versus time for
Type 304 stainless steel at 700°C for applied stresses of 90 and 128 MPa.
Data of this type are being obtained for the three materials after ex-
posure to sodium at different carbon levels to evaluate the start of
secondary and tertiary creep stages, the minimum creep rate for different
values of applied stress, and the time to rupture. The results obtained
will be compared with the creep-rupture properties of annealed materials

to establish quantitatively the influence of the sodium environment.
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3. HANFORD ENGINEERING DEVELOPMENT LABORATORY
(For Period Ending April 30, 1974)

T. T. Claudson

3.1 INTRODUCTION

The objectives of the structural materials investigation conducted at
the Hanford Engineering Development Laboratory are to provide control data
for the in-reactor and postirradiation tests and to provide direct and timely
assistance to FFTF and Demonstration plant structural design and analysis
programs. The HEDL efforts involve evaluation of mechanical properties at
high strain rates, creep testing and analysis, fatigue crack growth, and
tensile tests of such materials as FFTF weldments, vessel and piping, core
support structures, reflectors as well as duct and cladding. Those test
results and analyses appropriate to the "Structural Materials Quarterly
Report" will be reported herein; however those investigations associated with
irradiation effects per se will continue to be reported in the "Irradiation

Damage to Reactor Structural Materials" Quarterly Report published at HEDL.

3.2 MATERIALS PERFORMANCE AND SURVEILLANCE - T. T. Claudson and J. J. Holmes

3.2.1 Subcritical Crack Growth

3.2.1.1 Accomplishments and Status

Linear-elastic fracture mechanics techniques were used to characterize
the fatigue-crack propagation behavior of Incoloy 800. Two material heats
were utilized representing material Grades 1 and 2 (mill-annealed and solution-
annealed, respectively). The mechanical properties and chemical analyses are
given in Tables 3.1 and 3.2, respectively. Since the objective of this study
was to characterize the effect of temperature upon crack extension behavior,
all elevated temperature tests were eonducted at a constant cyclic frequency
and stress ratio.

The results for the tests conducted over the range 75-1200°F are shown in

(1) who tested Grade 1

Figures 3.1-3.5. Also shown are the results of Carden
material at 75°F and 1200°F. It will be noted that good agreement is obtained

between the results of the present study and Carden's results. Comparison
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Table 3.1. Chemical Composition (Percent by Weight)

M Fe S Si_ Cu _Ni Cr Al TP B
Heat A* .07 .8 48.01 .007 .35 .18  36.29 19.26 .28 .31  -----
Heat B** .03 1.05 46.48  .007 .26 .16 32.44 19.25 .10 .20 L0002 .
Carden*** .05 .95  45.28  .007 .36 .32 31.39 20.78 .38 .46  ----- >

*Huntington Heat No. HH2531A; ASME Sb-409, Grade 2
**Hyuntington Heat No. HH7531A; ASME SB-409, Grade 1

***puntington Heat No. HLE2521A; ASME SB-409, Grade 1



Table 3.2. Room Temperature Mechanical Properties

0.2% Yield Ultimate Percent Percent hazﬁnﬁss ASTe
Strength Strenoth Elonqg. red. Area B Grain Size Conaition
Heat A* 27,000 psi 76,500 psi 53.0 ---- €< 1.5 Hot rolleu, uescaled,
18.96 ko/mm 53.76 ke/mrm solution annealeu
Heat E** 35,500 psi 75,500 psi 48.0 72.0 71 4.5 kot rolled, uescaled,
24 .9¢ kag/mmn 53.08 ka/mm mill annealea
Carden*** 42,500 psi > 85,5CC psi 2 39.0 - 76 6.0 Colu rolled, pickleu, w
29.88 ka/mm 6C.12 ko/mm i1l annealed ~

*huntington Heat No. HH2531A; ASME SE-409, Grade 2; 0.5 in. plate.
**Huntinaton Heat No. FH7531A; ASIiE SB-4G9, Grade 1; 1.U in. plate.

***Huntington Heat No. lH25214; ASHE Sb-40S, Grade 1; 0.062 in. sheet.
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of Figures 3.1-3.5 reveals that the fatigue-crack growth rate increases with
increasing test temperature. The increase, however, is considerably less
than that observed for austenitic stainless steels tested under identical
conditions.(z) For example, at AK = 20,000 lb/(in)3/2, the crack growth
rate of Incoloy 800 increased by a factor of 4.1 between 75°F and 1200°F,
while the crack growth of annealed Type 316 tested under identical condi-
tions increased by a factor of 11.8 over the same temperature range.(z)
The reason for this difference in behavior is not known, but is thought to
be related to the superior oxidation resistance of Incoloy 800.(3)
Tests conducted on the Heat A (Grade 2) material at 1200°F suggested
the possible existence of a crack growth threshold at AK = 16,000 lb/(in)3/2.
At this temperature, cracks loaded below this level of AK did not propagate,
even after the application of a great many cycles and crack extension would
not proceed until the loads were increased such that AK exceeded 16,000 1b/
(in)3/2.

unique to Grade 2 material, or due to some other factor, but the phenomenon

Sufficient testing was not done to determine if this behavior was

deserves further study.

Two specimens were aged in an air environment at 1000°F to determine if
thermal aging (i.e., the precipitation of carbides and intermetallics) had
any effect on the crack growth behavior. The results of these tests, shown
in Figure 3.6, show that there is a very slight tendency for crack growth
rates to decrease in the aged material. This is consistent with the results

(4)

for several austenitic stainless steels. The decrease in crack growth
rates of the aged stainless steels was attributed to a partial crack blunt-
ing and subsequent reinitiation as the crack encountered second-phase
particles. Such a mechanism could also apply to the observed behavior in

Incoloy 800.

3.3 HIGH STRAIN RATE EFFECIS - J. M. Steichen/R. L. Knecht, J. J. Holmes

3.3.1 Accomplishments and Status

High strain rate testing of thermally aged Type 304 stainless steel has
been completed. Specimens were aged in static sodium at temperatures of 800,
1000 and 1200°F for exposure times of 1000, 3500 and 10,000 hours. Testing

. . -5
was performed at the aging temperatures and strain rates from 3 x 10 to
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10 sec_l. Data from these tests included ultimate and 0.2% yield strengths,

total and uniform elongations, and reduction of area. These data are listed
in Table 3.3 and illustrated in Figures 3.7-3.12.

The effect of strain rate on the ultimate and 0.27%7 yield stress of
thermally aged Type 304 stainless steel for aging and test temperatures of
800, 1000 and 1200°F is presented in Figures 3.7 through 3.9, respectively.
Included in the figures are data representing unaged behavior. No effect
of thermal aging on strength properties is observed.

At aging and test temperatures of 800 and 1000°F, the ductility (total
and uniform elongation) of the aged and unaged materials is essentially
identical for all strain rates (Figures 3.10 and 3.11). Ductility at 1200°F
is slightly influenced by thermal aging as shown in Figure 3.12. At the
lowest strain rate, the total elongation of the aged material is significantly
higher than the unaged material. As strain rate increases the aged material
total elongation is reduced and at a rate of 10 in./in./sec it is slightly
lower than the unaged material. The uniform elongation of the aged material
at 1200°F is essentially identical to that of the unaged material to a rate

of v9.91 in./in./sec and is slightly lower for higher strain rates.

3.3.2 Expected Achievements

A topical report describing the influence of thermal aging on the high
strain rate tensile properties of Type 304 stainless steel will be prepared
and the effect of strain rate on the tensile properties of A-286, the IVHM

bolting material, will be completed.

3.4 REFERENCES
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Table 3.3. Tensile Properties of Thermally Aged Type 304 Stainless Steel

Aging Conditions Test Conditions 1 Strength, ksi tlongation, % Reauction of
Temp., °F Exposure, kr. Temp., °F  Strain Rate, sec” 0.2% Yield Ultimate Total (Uniform Area, %
800 1000 800 3 x 10'5_3 15.6 65.b 41.5 33.7 6.6

3.5 x 10 16.4 61.4 36.7 30.9 64.5

0.1 16.7 58.9 36.4 31.2 69.6

1.0 16.0 56.2 36.0 31.4 72.0

10.0 21.3 56.3 36.0 30.4 74.0

1

300 3500 800 3 x 10:5 14.2 64.7 41.4 37.6 65.0

3 x 10 -3 14.3 65.3 36.3 31.8 63.4

3.5 x 10 16.3 £0.7 57.0 32.2 65.0

0.1 21.7 56.6 37.0 32.8 56.1

10.0 26.0 57.4 34.9 29.2 68.8

800 10,000 72 3 x 10:2 33 84.6 74.% 6b.7 79.7
800 3 x 10 -3 15.9 €3.0 39.6 3b.1 67.2 8:

3.5 x 10 16.7 62.3 37.2 32.8 72.4

1.0 1€.5 56.3 35.8 30.6 77.8

1000 1000 1000 3 x 10'5_3 15.4 5€.¢ 37.0 31.6 64.6

3.5 x 10 18.7 50.5 36.5 30.7 71.5

0.1 15.0 541 54.2 30.6 71.5

1.0 15.6 55.4 35.2 30.1 12.4

10.0 1€.5 56.2 34.2 29.4 77.2

1000 3800 1000 3 x 10'5_3 12.4 55.3 37.5 31.5 59.3

3.5 x 10 15.0 51.1 34.9 29.6 70.7

¢ 14.4 52.6 249.9 24.5 69.6

1.0 17.9 53.8 34.3 30.0 69.6

10.0 16.5 52.0 30.7 25.6 0Y.6

1000 10,700 72 3 x 10:2 26.¢ 83.4 69.8 vd.2 76.2

1000 3 x 10 -3 14.9 53.7 32.7 26.7 55.3

3.5 x 10 15.2 55.3 33.5 29.1 69.1

1.0 1¢€.0 53.v 33.5 25.3 69.6



Table 3.3. (Continued)

Aging Conditions ____Test Conditions Strength, ksi Elongation, % Reduction of
Temp., °F  Exposure, tr. Temp., °F  Strain Rate, sec 1 0.2% Yield Ultimate Total Uniform Area, %
1200 1000 1200 3 x 10'5_~ 13.3 34.6 47 . 20.¢ 50.4
3.5 x 1077 11.9 45,2 31.8 26.1 65.9
0.1 13.0 45.9 31.9 26.8 61.8
1.0 14.9 47.4 32.4 26.4 68.3
10.C 16.5 48.8 33.4 26.4 67.5
1200 3500 1200 3 x 10'5_3 11.1 34.0 46.4 21.0 54.9
3.5 x 10 16.6 42.7 31.9 26.3 61.8
C.1 12.3 44.7 30.8 25.6 61.5
1.0 14.0 46.3 30.7 25.6 64.2 o
10.C 16.7 47 .1 31.4 25.9 63.9 ~
[~
1200 10,000 72 3 x 10:; 26.2 8L.3 63.6 59.4 64.¢
1200 3x 10 3 12.8 34.3 46.8 22.3 65.0
3.5 x 10 12.¢ 44.0 26.4 23.6 55.3
1.C 13.6 44 .4 26.5 21.6 bb.b
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3. HBANDFORD ENGINEERING DEVELOPMENT LABORATORY
(For Period Ending July 31, 197k)

T. T. Claudson

3.1 INTRODUCTION

The objectives of the structural materials investigation conducted at
the Hanford Engineering Development Laboratory are to provide control data
for the in-reactor and postirradiation tests and to provide direct and
timely assistance to FFTF and Demonstration plant structural design and
analysis programs. The HEDL efforts involve evaluation of mechanical
properties at high strain rates, creep testing and analysis, fatigue crack
growth, and tensile tests of such materials as FFTF weldments, vessel and
piping, core support structures, reflectors as well as duct and cladding.
Those test results and analyses appropriate to the "Structural Materials
Quarterly Report" will be reported herein; however those investigations
associated with irradiation effects per se will continue to be reported in
the "Irradiation Damage to Reactor Structural Materisls' Quarterly Report

published at HEDL.
3.2 IRRADIATION DAMAGE TO REACTOR METALS -~ T. T. Claudson and J. J. Holmes

3.2.1 Low Temperature Creep of 20% Cold Worked Type 316 Stainless Steel

3.2.1.1 Objective

The objectives of this work are: (1) to accurately measure thermal
creep in 20% cold worked Type 316 stainless steel for comparison with in-
reactor creep results, and (2) to further demonstrate the application of

microwave extensometers for high precision creep strain measurements.

3.2.1.2 Accomplishments and Status

3.2.1.2.1 Scope of Work. A constant-load creep test was performed on

20% cold worked Type 316 stainless steel at 850°F under a stress of 20,000
psi using a high precision microwave extensometer to measure strain.

Details of specimen and extensometer design were described previously.1

75



76

The specimen was manufactured from the same heat of steel employed in an
earlier in~reactor experiment,2 but the grain size in the present specimen
is ASTM 6 or an average grain intercept of L0 microns, compared to a grain
size of ASTM 7T (average grain intercept 25 microns) for the in-reactor test
material.

The specimen was heated to 800°F in about 75 hours, was held at
approximately 800°F for 175 hours, ard then heated to 850°F and held for
15 hours prior to applying the test load. Temperature control during the
test was within * 0.5°F. The test environment was a gas mixture of 94%
helium - 6% hydrogen, employed to prevent oxidation of the pure copper
linings in the microwave sensors.

Each microwave sensor of the averaging extensometer was calibrated
separately at room temperature using a precision micrometer. Calibration
displacement was correlated with sensor frequency using a third degree
polynomial in frequency. For one sensor, the standard error for the
calibration displacement was 12.9 microinches and the maximum deviation
was 25.4 microinches. For the other sensor, the standard error and maxi-
mum deviation were 19 and 37 microinches, respectively. The accuracy of
the calibration micrometer was not better than 20 microinches. The
measured specimen gage length at room temperature was 2.9997 inches, so
the extensometer qualifies as ASTM Class A. All strains were computed

based on the room temperature specimen gage length and sensor calibrations.

3.2.1.2.2 Results. The specimen was loaded in increments of about 2000
psi, and the deformation was totally elastic, as shown in Figure 1. The
experimental value of Young's modulus was 2h.,5 x 106 psi, in good agree-
ment with reported values for Type 316 stainless steel.3

Time-dependent creep deformation measurements are presented in Figure
2. These data were fit to a fourth degree polynomial in tO.lS, and the
standard error of the estimate of creep strain was 1 x 107°, Essentially
identical results were obtained with polynomials of degree five and six.
The polynomial relation was differentiated to obtain creep rate and the
results are shown in Figure 3. Creep rate decreases by almost three

orders of magnitude over the 1000-hour test, and there is no indication

of approach to a minimum or steady-state creep rate. Creep strains
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measured in an in-reactor (EBR-II) test? under the same conditions were
about seven times larger than strains reported here, as shown in Figure L.
At 1031 hours, the specimen was unloaded to a stress of 220 psi. The
measured elastic contraction agreed with the elastic loading strain to
within 6 x 10°®., 1Initial measurements indicate significant time-dependent
strain recovery in the unloaded condition, and these results will be pre-

sented in future reports.

3.2.1.2.3 Evaluation of Results, Several factors affect the accuracy of

the strain measurements reported here. First, of course, is the calibra-
tion procedure, which was described earlier. The microwave sensors were
calibrated at room temperature, but were then used at 850°F in the creep
test. The potential error associated with this difference between calibra-
tion temperature and operation temperature was estimated from the theory
relating microwave frequency, sensor dimensions and mode of excitation;

it was found that the ratio of strain valucs based on room temperature
calibration to strain values based on 850°F calibration should be about
1.006. Small changes in sensor radius were detected during the creep test
by monitoring a mode frequency which depends only on sensor radius. How-
ever, these sensor radius changes in themselves affect the frequency of
the mode which is sensitive to length changes, and therefore introduce an
additional error in reported strains. The measured radius changes and

the associated correction to axial strain as computed from the theoretical
relation between resonant frequency and sensor dimensions are shown in
Figure 5. These changes in sensor dimensions may result from reaction
between hydrogen from the test atmosphere and dissolved oxygen in the OFHC
copper liner of the sensor, but they are much smaller than the effects
observed for impure copper liners.!

Several analytical representations were examined in formulating a
quantitative description of the strain-time data. For the low temperature
and stress and the short time of this test, steady-state creep was not
expected to contribute significantly to the observed strains, and this was
confirmed by the polynomial representation (see Figure 3). Therefore, the
following analytical forms were considered in describing the creep strain

(e ) data:
c
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e, = At" (3.1)
e, =g, *+ A" (3.2)
e,=A+Bant (3.3)
e, =B n (1 +t) (3.4)
e, = Bn (1 + ct) (3.5)
e = A (1-e"") (3.6)
e, = t/(A + Bt) (3.7)
e =t/(A + Bt™) (3.8)

None of these representations were completely satisfactory in describing
the experimental data, and the polynomial representation described earlier

was selected as the best description.

3.2.1.2.4 Conclusions And/Or Recommendations. Thermal creep strain in

20% cold worked Type 316 stainless steel at 850°F and 20,000 psi is small,
reaching a value of 1.2 x 10~% in 1000 hours. Even at these low strain
levels, the course of creep deformation can be followed in detail using
microwave extensometry. Creep strain measured in the present experiment
is substantially smaller than in-reactor creep strain determined under

the same test conditions.

3.2.1.3 Expected Achievements

Results of stress changed (unloading and reloading) on creep behavior

will be obtained during the next reporting period.

3.3 MATERTALS PERFORMANCE AND SURVEILLANCE - T. T. Claudson and J. J. Holmes

3.3.1 FFTF Component Materials Evaluation

3.3.1.1 Objective
The objective of this program is to determine the mechanical properties
of FTR component materials for anticipated service conditions. Included as

an integral part of the program is the influence of both thermal history
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and fast neutron irradiation on observed behavior. Results of this work
are used for design confirmation, operations support of FFTF and for

optimizing materials selection and application for future LMFBRs.

3.3.1.2 Accomplishments and Status

The creep rupture properties of actual FTR primary piping (316H stain-
less steel, ™ 28-inch diameter) have been determined. Tests were performed
on three heats of material at temperatures of 1050, 1200 and 1400°F and at
stress levels to produce rupture in times to 2500 hours. Preliminary
results from these tests are presented herein.

The Type 316H stainless steel FTR 28-inch diameter primary pipe was
formed by the Rollmet process“ followed by a final anneal at 1850°F for
45 minutes and then force air cooled. Three heats of piping material were
tested. The chemical composition and tensile properties of these heats
have been reported previously.5

All testing was performed in argon within recommended ASTM practice.

3.3.1.2.1 Results. Preliminary results of creep rupture tests at the
three test temperatures for three heats of piping material are listed in
Table 3.1 and illustrated in Figures 6-9. In Figure 6, stress versus
rupture life for specimens fabricated from the longitudinal forming direc-
tion of the pipe for the three heats and the transverse direction for one
heat (Heat 55320) are presented. A linear relationship between log stress
and log rupture time is observed. All three heats of material (including
the transverse orientation on Heat 55320) exhibit essentially the same
stress dependence on rupture life indicating very consistent properties
between the three heats. Similar behavior is observed in Figure T where
log stress versus log minimum creep rate is presented.

The ductility (total elongation) of the subject materials for the
various temperatures and rupture lives is illustrated in Figure 8. At
1050°F total elongation slightly decreases with increasing rupture life.
At the higher test temperatures (1200 and 1L4L00°F) an opposite trend is
observed since ductility increases with rupture life. All three heats of

material exhibit similar ductility over the temperature-rupture time range
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Table 3.1. Creep Rupture Properties of FTR
Type 316H Stainless Steel Primary Piping

Heat Temp. , Stress, Min, Creep Rate Rupture Life, Elongation at
No. °F ksi in/in/hr hr. Fracture, %
55320 1050 65 3.2 x 1o:ﬁ 23.h k2.9
O A 2o i
45 4.3 x 10:2 2,483.2 28.3
55320-Trans. 1050 62 1.2 x 10 ) 33.8 41.3
L8 1.7 x 10 502.6 22.0
55318 1050 60 1.1 x 1073 67.3 32.5
55319 1050 60 1.9 x 10:3 60.5 38.9
48 1.0 x 10 > 512 > 2h.0
55320 1200 Lo 7.7 x 10:3 30.3 h7.2
N e 28-S s
26 2.1 x 10’2 970:0 61:5
24 9.4 x 10:3 2,132.6 59.5
55320-Trans. 1200 35 2.9 x 10_j 73.2 48.9
29 3.9 x 10 529.5 46.6
55318 1200 35 3.1 x 107} 76.9 W77
30 5.7 x 10 290.5 51.1
55319 1400 35 2.6 x 107} 88.8 40.0
30 4.5 x 10 367.6 51.8
55320 1400 20 8.5 x 1o:§ 19.5 28.2
A TR o
55320-Trans.  1L0O 1L 1.0 x 10 222.7 4.0
55318 1400 14 1.6 x 1075 196.2 4.7
55319 1400 14 1.4 x 1073 222.3 80.0
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of this study. Also, little effect of specimen orientation is observed.

To provide an indication of the quality of the piping material, stress
rupture properties were compared to those obtained on other heats of
material (ASME Code Case 1592). As shown in Figure 9, the piping material
exhibits higher stress rupture behavior for temperatures of 1050 and 1200°F
and slightly lower behavior at a temperature of 14L00°F. The stress depen-—
dence on rupture life for the piping material parallels that of ASME Code
Case 1592 for all three test temperatures. A direct comparison between
the stress rupture ductility of the piping material and that of other Type
316 stainless steel cannot be made since large variations in ductility were
observed between previous studies. However, inspection of ductility data
indicates the piping material has greater ductility than the average of

the other materials.

3.3.2 Subcritical Crack Growth

3.3.2.1 Objective

The objectives of this study are to determine the subcritical crack
growth properties of FFTF/LMFBR structural materials for various operating
environments, and to perform fatigue failure analyses for the vessel,

primary coolant boundary components and other FFTF structures.

3.3.2.2 Accomplishments and Status

Cast austenitic stainless steels are employed in a number of struc-
tural applications (e.g., core support structures, valve bodies, pump
housings and impellers, etc.) in FFTF/CRBRP designs. Some of these compo-
nents will be subjected to loadings in service that are cyclic in nature,
and knowledge of the fatigue-crack growth behavior of cast stainless steels
is necessary for design and safety analyses. Therefore, the present study
characterized the effect of temperature upon the fatigue-crack growth
behavior of one cast austenitic stainless steel: ASTM SA-351, Grade Cr8
(procured to RDT ML-2T).

The specimens employed were of the ASTM "Compact Specimen design,
and had the planar dimensions corresponding to a one-inch thick specimen.

The thickness was, however, approximately 0.51 inch. Two orientations of
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the crack, relative to the casting, were tested, apd these were designated
"A" and "B". The crack propagation direction in orientation "A" was per-
pendicular to that of orientation "B". Tests were conducted on an MTS
testing machine using load as the control parameter. A sinusoidal wave-
form was employed, and the stress ratio R was 0.05 for all tests. A cyclic
frequency of L0 cpm was used for all tests except at room temperature where
frequency would not be expected to be an important parameter. Tests were
conducted in an air-circulating furnace at 75, 600, 800, 1000 and 1200°F.
The experimental results are shown in Figures 10-1L. Also given, for
comparison, are scatter bands for annealed Types 304 and/or 316 stainless
steel tested under similar conditions. Several observations may be made
concerning these results: 1) The fatigue-crack growth rate at a given
value of AK increases with increasing test temperature. This is consistent
with the behavior of other austenitic steels tested in an air environment.
2) In general, the crack growth rates in the cast stainless steel were
slightly lower than those in annealed plate material tested under similar
conditions. This is consistent with observations on Types 304/3089 and
316/31610 weldments which also represented crack growth in a cast structure.
3) There does not appear to be any observable difference between the crack
growth behavior for orientations "A" and "B". Another observation, not
apparent in Figures 10-1k, is that there was more crack branching observed
(microscopically and macroscopically) in the cast material than normally
observed in plate material. This is consistent with observations on crack
growth in weldments,g:10 and may account for the slightly lower crack

growth rates in the castings, relative to plate material.
3.4 CLADDING DEVELOPMENT AND PROCESS - L. H. Rice and J. J. Holmes

3.4.1 Fuel and Cladding Characterization

3.4.1.1 Objective
The program objective is to define the mechanical properties, metal-
lurgical structure, chemistry and metallurgical stability of prototypic

and production FTR fuel cladding purchased under the cladding development
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program. Cladding from this program is utilized for vendor gqualification,

FFTF development programs and FTR core loadings.

3.4.1.2 Accomplishments and Status

3.4.1.2.1 Scope of Work. The recovery and recrystallization characteris-

tics of one 20% cold worked Type 316 stainless steel tubing series (N Lot)
have been established. The recovery and recrystallization characteristics
of 11 prototypic and production fuel cladding tubing lots of 1400, 1500
and 1600°F have been determined to establish lot-to-lot variations and to
provide a basis for possible improvements in cladding recrystallization

characteristics.

3.4.1.2.2 Results. Eleven lots of 20% cold worked Type 316 stainless
steel tubing (N, O, R, T, U, X, BB, CN-13, CN-17, P and S) were utilized

in this study. Isothermal annealing curves were established for each tube
lot by aging four-inch tubular specimens in helium at 1400 to 1600°F for
times from 0.1 to 2000 hours. The aged specimens were subsequently tensile
tested in vacuum (5-10 microns) at 1000°F at a strain rate of 0.0l min~}
utilizing an Instron tensile machine. Specimens were gripped by using a
compression fitting technique.

The 0.2% yield stress at 1000°F was used as the measure of the anneal-
ing effects of time at temperature. The resulting isothermal annealing
curves at 1500 and 1600°F, Figures 15 and 16, clearly show that the recrys-
tallization time at these two temperatures can vary significantly from
lot to lot. At 1600°F the recrystallization time ranges from a low of
< 0.2 hour to a high of T hours. At 1500°F, the range is 10 hours to 200
hours.

Because the variations in recrystallization times were greater than
would be expected from data scatter, an attempt was made to correlate the
variations to some variable that exists between the tube lots. Correla-
tions with respect to chemistry variations, drawing sequence, drawing
technique, and melting practice were all unsuccessful. However, the
recrystallization time for a temperature correlated quite well with the

heat treatment temperature used prior to the final 20% reduction in area.
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This correlation is shown in Figure 17 for the seven tube lots for which
there are sufficient processing data.

These data show some thermally activated process which occurs during
the heat treatment before the final draw has a pronounced effect on the
subsequent recrystallization kinetics. No detailed in-~depth study was
attempted using these due to lot-to-lot variations in chemistry, time at
temperature during heat treatment, and exact cold work level. However, a
series of tubes processed in a commercial tube mill were selected from a
single processing lot (consisting of ~ 200 tubes) just prior to the final

anneal , and three tubes were given each of the following heat treatments:

Temperature Furnace Time at Temperature
°F Feed Rate (Peak * 5°F)

1850 36" /min. 7-10 sec.
1900 36"/min. 7-10 sec.
1950 36" /min. T-10 sec.
2000 36" /min. 7-10 sec.
2050 36"/min. 7-10 sec.
1950 48" /min. 2-L sec.

2050 48" /min. 2-4 sec.

These tubes were subsequently given a 20% reduction in area sequen-
tially using the same dies to minimize or eliminate any change in cold
work level due to die wear. Recrystallization studies on the above
listed material will be reported in the near future,
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4, NAVAL RESEARCH LABORATORY

L. E., Steele

4,1 INTRODUCTION - L. E. Steele

The research program of the NRL, Metallurgy Division, Reactor Mate-
rials Branch, includes the study of the behavior of structural materials
useful in reactor construction. This report is developed using such
data to support the USAEC objective of compiling structural materials
properties data for the use in national reactor development programs.
The NRL program is sponsored by the Office of Naval Research, the U. S.
Atomic Energy Commission, and the U. S. Army Engineer Power Group. The
unirradiated materials properties data contributed here include those
developed in the course of research in the areas of high temperature
materials, radiation damage, and fracture mechanics.

4.2 FATIGUE CRACK GROWTH IN THERMALLY-AGED TYPES 304 AND 316 STAINLESS
STEEL PLATE - D. J. Michel, H, H. Smith, and H. E. Watson

4.2,1 Background

The long term exposure of austenitic stainless steels to elevated

temperatures is known to be responsible for precipitate formation 1.2

which may influence the mechanical properties of these steels.®’ ® Few
studies, however, have considered the effect of thermal aging on fatigue
crack propagation in these steels.” The present experiments represent
the initial phase of an NRL program to investigate the effect of thermal
aging on the fatigue crack growth resistance of Types 304 and 316 stain-
less steel. The emphasis of this study is to correlate crack growth
behavior with microstructural changes produced by extended elevated

temperature exposure,

4,2,2 Materials and Test Procedures

The chemical composition and tensile properties of the Types 304 and
316 stainless steels used in this work were given in previous reports.®®
Single-edge-notched specimens containing side grooves and oriented in
the RW direction were cycled at 10 cpm in cantilever bending under zero-

to-tension loading to a constant maximum load. The experimental data
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were analyzed to determine crack growth rate, da/dN, as a function of
the stress intensity factor range, £ K. Induction heating was used for
the elevated temperature tests., The thermally-aged condition specimens

were machined from blanks aged in air for 5000 hours at 1100°F (593°C).

4.2.3 Results and Discussion

Figures 4.1 and 4.2 show the effect of thermal aging on the fatigue
crack growth resistance at 1100°F (593°C) of solution-annealed and 25
percent cold-worked Type 304 stainless steel respectively. The results
for thermally aged Type 308 stainless steel weld material at 1100°F
(593°C) are shown in Fig. 4.3, TFigures 4.4 and 4.5 present the results
for solution-annealed and 20 percent cold-worked Type 316 stainless steel.

Comparison of Figs. 4.1 and 4.4 indicates that thermal aging produced
only a slight increase in the fatigue crack growth resistance of both
solution-annealed Types 304 and 316 stainless steel when compared to un-
aged material.? For the cold-worked specimens, however, Figs. 4.2 and
4,5 indicate that thermal aging decreased the fatigue crack growth resis-
tance for both the annealed and cold worked conditions the effect of
aging is seen to be larger for the Type 316 steel than for the Type 304
steel, Examination of Fig. 4.3 suggests that thermal aging decreased
the fatigue crack growth resistance of Type 308 stainless steel weld
material at the lower A K values but produced a slightly beneficial ef-
fect at the higher A K values, With the exception of the cold-worked
Type 316 data, the present results are in general agreement with a re-
cent fatigue study7 where similar aging treatments and test temperatures
were employed. In that study no effect of aging on fatigue crack growth
rate was seen for cold-worked Type 316 stainless steel. It should be
noted, however, that the referenced investigations were carried out at
lower i« K values than used in the current study,

Examination of the present results indicates that thermal aging pro-
duced a decrease in fatigue crack growth resistance of the cold-worked
condition while glightly increasing the fatigue crack growth resistance
of the solution-annealed condition. Since it is known that cold-work
enhances precipitation of carbide and intermetallic phases during thermal

aging’z, it is believed that this enhanced precipitation provided a
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major microstructural contribution to the different fatigue crack growth
behavior observed for the solution-treated and cold-worked steels. Fur-
ther, the effect of the increased availability of intragranular precip-
itation sites (i.e., dislocations and stacking faults) in the cold-
worked material may substantially influence the crack growth process
when compared to solution-treated material. A detailed metallographic
examination of the specimens tested in this study is now in progress

to determine the relationship between the observed crack growth behavior
and precipitate formation. These results will be presented in future
reports,

4,3 'TOUGHNESS OF TYPE 316 STAINLESS STEEL FORGING AND WELD METAL USING
THE J INTEGRAL - F. J. Loss and R. A. Gray

4.3.1 Background
The fracture toughness of austenitic stainless steel and nickel-

base alloys for fast breeder reactors is being characterized in terms of
the J Integral., These alloys, when employed at elevated temperatures,
generally exhibit elastic plastic or fully plastic behavior. The J-In-
tegral concept provides a means with which to define the initiation of
crack extension in the elastic plastic regime and to relate this phenom-
enon to structural parameters used in design (e.g., critical flaw size
and stress level). Current emphasis is directed toward (a) characteriza-
tion of different high temperature alloys by means of the J Integral,

and (b) assessment of specimen geometry dependence of the J Integral at
crack initiation (i.e., JIc)' The data reported here relate to Type 316

forging and weld metal at elevated temperature.

4,3.2 Experimental Investigation

4.3.2.1 Material and Specimen Types

Weld metal test specimens were machined from a l-in. thick weldment
formed by joining Type 316 stainless steel plates by submerged arc weld-
ing, using a Type 316 stainless steel filler. The weldment was specially
prepared to simulate that used in the Army's MH-1A reactor pressure ves-
sel. Specimens of 316 stainless steel were prepared from a 3-1/8 in.
thick ring forging (nozzle cutout) from the MH-1A vessel. Chemical and

tensile properties as well as specimen orientation are given in Ref. 10.
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Notched, three point bend specimens were machined from both the forg-
ing and weld metal. Three different specimen types, having the following
geometries, were investigated.

Type 1: width (W) = 0,394 in., thickness (B) = 0.197 in., and span

(S) between supports = 1.758 in.

Type 2: geometrically similar to type 1l but twice as large.

Type 3: same as type 1l except W = 0,282 in.

The specimens were fatigue precracked at a A K of 25 ksi/in. (27.5 MPa-*
m%) using a zero-tension cycle. The majority of the specimens had a
nominal a/W ratio of 0.35 (0.28 to 0.46 range in a/W).

The testing was conducted statically with specimen load and midspan

deflection monitored on an x-y recorder. All tests were conducted at

SO0°F (260°C) as achieved with an induction heating coil.

4.3.2.2 Results

Specimens of a given a/W ratio were loaded to various fractions of
the maximum load as determined from one of the specimens. This proce-
dure resulted in the specimens undergoing different amounts of slow
stable crack extension (i a) with rising load while attaining the desired
load or deflection. In preliminary interpretation of the data, no at*
tempt was made to distinguish a stretch zone at the tip of the fatigue
crack from the total crack extension values that are reported. The
specimens were unloaded and heat tinted at 900°F (482°C) and then broken
open at room temperature. In this way it was possible to measure the
amount of stable growth that had taken place up to the point where the
test was terminated. With the weld metal specimens, the slow crack ex-
tension could be distinguished from the fatigue precrack due to a dif-
ference in texture between these two regions. However, this difference
in texture was extremely difficult to detect in the forged specimens.
Consequently, it was necessary to ink stain the latter specimens before
testing in order to mark the fatigue precrack region. The unstained
heat tinted region was then attributed to slow crack extension that
occurred with rising load during the course of the test.

The J-Integral value was computed from the total area (A) under the

load versus midspan deflection record (i.e., energy) using the approximate
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equation for a deeply notched beam in pure bending derived simultaneously
be Rice'’ and Srawley 2 :

2A

E?ﬁjzy Eq. (1)

J =
In all cases the deflections of the bend jig were negligible so that the
area under the load versus deflection trace represents energy imparted
to the specimen. The original crack length (a) to the tip of the fatigue
crack was used in Eq. (1) (as opposed to using the final crack length,
a + [a).

The values of J for forging and weldment, calculated from Eq. (1),
are presented in Fig. 4.6 as a function of the average slow crack ex-
tension at the specimen quarter points. This method of representation
is termed an R-curve. In a strict sense, crack extension is not per-

mitted by the J concept since the J c value is defined as the toughness

I
at crack initiation. The J c is defined here by extrapolating the R-

I
curve to some small crack extension such as may be acceptable in a valid
KIC test.* A 1 percent crack extension was arbitrarily chosen for this
investigation. It is evident that any criterion of a fixed percentage
crack extension will result in different values of absolute crack exten-
sion for different size specimens (See Fig. 4.6). For the present inves-
tigation, however, this difference is not considered detrimental to the

data interpretation.

4.3.3 Discussion

The data in Fig. 4.6 show that the JIc of the weld metal is sig-
nificantly below chat of the forging {600vs 3590 in.1lb/in.”). With a
JIC of 600 in.1b/in.?, it is expected that elastic plastic conditions
will prevail and that plane strain behavior (as defined by ASTM Standard
E-399) will not be attained for this material, even in very thick sec-
tions. Nevertheless, an assessment is required of the structural sig-
nificance of the reduced toughness of the weld metal in comparison with

that of the forging. It is felt that considerable research is required
before this goal can be achieved.

*2% crack extension is permitted in a K. test by ASTM Standard E-399.

Ic
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As a way of pointing out differences in the behavior of the weld
metal and forging, Fig. 4.7 illustrates the load vs midspan deflection
records of two identical speciwmens cut from these two materials. The
specimens are compared on the basis of both having exhibited the same
degree of slow crack extension. The illustrated weld metal record is
near the maximum load for this size specimen. In comparison to the forg-
ing specimen, the weld metal exhibits only a small fraction of the de-
formation capability of the forging (Q044 in, as compared to 0.323 in.
for a forging specimen if taken to maximum load).

For JIc data to be considered valid it is reasonable to require that
certain minimum dimensions be maintained as in the case of plane strain
testing. Landes and Begleyla, on the basis of data from ferritic steels
have suggested that a, B, and W/a, be greater than 25 J/Uflow where
Yelow - 1/2 (o‘ys + o,

thicknesses of 0.27 in, and 1.8 in. for the weld metal and forging,

S). This requirement would necessitate specimen

respectively, as opposed to the maximum thickness specimens of 0.2 in.
(weld metal) and 0.4 in. (forging) that were investigated. Unfor-
tunately, material in larger sections does not exist with which co
verify the proposed thickness requirements,

The forging data of Fig. 4.6 suggest a dependence of JIc upon spec-
imen thickness. The data for the thicker specimens (B = 0.394 in.)
form the lower boundary of the scatterband for the forging. An R-curve
connecting only the data of the thicker specimens would result in a
value of JIc close to 2400 in.1b/in.? in comparison with the value of
3500 in.1b/in.® illustrated in the figure. It is apparent from these

data that additional research is necessary to qualify the effects of

specimen geometry on the JIC value,
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5. OAK RIDGE NATIONAL LABORATORY

W. R. Martin

5.1 INTRODUCTION

The ORNL mechanical properties effort comprises several
programs. The program Mechanical Properties and Behavior for
Structural Materials deals with materials of general applica-
bility to the LMFBR program. Other programs are concerned with
the mechanical properties of weldments in LMFBR components, the
specific materials of interest for LMFBR steam generators,
collection and correlation of mechanical data needed for design
of high-temperature LMFBR systems, and materials for the primary

circuit and steam generators of HTGR systems.

5.2 MECHANICAL PROPERTIES AND BEHAVIOR FOR STRUCTURAL MATERTALS —
C. R. Brinkman

The objective of this program is to collect mechanical
property data and material behavior for LMFBR structural and
component materials. Included in the scope of this effort are
the following: (1) basic tensile, creep, creep-rupture, and
relaxation base-line data that are directly applicable to design
criteria and methods for types 304 and 316 stainless steel ref-
erence heats and cyclic stress-strain tests performed with
emphasis on loading and history effects, (2) find the variations
in properties for several heats of types 304 and 316 stainless
steel to allow establishment of minimum and average values of
specific properties and the equation parameters required for
design purposes. This work will include determination of pro-
perty variation of samples from different mill products within

a given heat of stainless steel.
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5.2.1 Mechanical Property Characterization of Type 304 Stainless Steel
Reference Heat — V. K. Sikka

5.2.1.1 Creep and Rupture Properties of the 2-in. (51-mm) Plate of
Reference Heat

Several creep tests on 2-in. (51-mm) plate of reference heat of
type 304 stainless steel (9T2796) continued. The test times and creep
strains for all tests have been updated and are summarized in Table 5.1.
One test at 538°C (1000°F) and 14 ksl (97 MPa) was discontinued after
4498 hr. The machine made available was loaded with a specimen at 593°C
(1100°F) and a stress of 10 ksi (69 MPa). All creep curves have been
updated. Three creep tests have reached test times over 14,000 hr,
whereas two other tests have exceeded 12,000 hr. All creep tests are

progressing smoothly and will be continued during the next quarter.

5.2.1.2 Uniaxial Tensile Tests Following Periods of Creep

These tests involve performing creep tests to different periods,
discontinuing the test, cooling under the load, and tensile testing at
the creep test temperature. The test matrix for this type of tests is
presented in Table 5.2. For each creep stress and temperature, four
tests, discontinued at periods of 100, 500, 2000, and 10,000 hr, are
required. Nine creep tests are to be stopped when total strains at
the end of creep periods are equal to those for the 10-ksi (69-MPa)
tests at the same temperature and with a 10,000 hr creep period. Accord-
ing to the test matrix in Table 5.2, a total of 105 tests would be
required.

Two creep tests have been completed and are represented by closed
symbols in Table 5.2. Tests that will rupture or have ruptured before
the discontinuing period are marked by half closed symbols in Table 5.2.
Tensile data are available on only one of the two completed tests. Mean-
while, preliminary results were obtained on specimens that had discontin-
ued in our regular creep program and are compared in Table 5.3 with ten~
sile results previously obtained on uncrept specimens of slightly

different design.
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Creep Tests on Type 340 Stainless Steel Reference
Heat 9T2796 2-in.-thick (51-mm) Plate®

Ratio of
Temperature Stress Time in Strain, 7% Creep
Test Test Stress Commentsc
(°c) (°F) ksi MPa (hr) Loading Creep to Yield
Stress
11595 427 800 20.0 138 8,749 2.67 0.051 1.57
12368 427 800 18.0 124 5,771 1.91 0.003 1.42
12472 427 800 16.0 110 5,047 1.17 0.038 1.26
12570 427 800 14.9 97 4,695 0.83 0.027 1.10
11569 482 900 20.0 138 8,919 3.27 0.082 1.70
12375 482 900 18.0 124 5,777 2.40 0.032 1.53
11675 482 900 16.0 110 2,451 1.48 0.032 1.36 Discontinued
11693 482 900 14.0 97 2,202 0.92 0.14 1.19 Discontinued
11830 482 900 12.0 83 1,682 0.35 0.04 1.02 Discontinued
13152 482 900 10.0 69 2,873 0.089 0.008 0.85
13020 482 900 10.0 69 3,344 0.085 0.035 0.85
10489 538 1000 20.0 138 13,953 3.80 0.562 1.80
12250 538 1000 18.0 124 6,250 2.62 0.225 1.62
11625 538 1000 16.0 110 8,674 1.79 0.196 1.44
10491 538 1000 14.0 97 16,974 1.16 0.0231 1.26
12444 538 1000 14.0 97 5,292 1.18 0.163 1.26
12445 538 1000 14.0 97 4,498 1.17 0.090 1.26 Discontinued
11568 538 1000 12.0 83 8,819 0.53 0.077 1.08
11626 538 1000 10.0 69 8,604 0.071 0.066 0.90
11641 538 1000 8.0 55 3,170 0.040 0.027 0.72 Discontinued
10853 593 1100 18.0 124 4,545 2.84 5.94 1.65 Ruptured
10852 593 1100 16.0 110 12,194 2.29 1.742 1.47
10554 593 1100 14.0 97 8,710 1.40 0.65 1.28 Discontinued
11596 593 1100 12.0 83 8,772 0.52 0.375 1.10
10490 593 1100 10.0 69 13,952 0.22 0.333 0.92
13710 593 1100 10.0 69 663 0.096 0.024 0.92
11227 593 1100 8.0 55 6,103 0.041 0.080 0.73 Discontinued
12459 593 1100 5.0 34 5,131 0.024 0.076 0.46
10855 649 1200 16.0 110 304 2.41 12.0 1.57 Ruptured
10854 649 1200 14.0 97 761 1.60 13.0 1.37 Ruptured
11563 649 1200 12.0 83 2,674 0.59 13.4 1.18 Ruptured
11226 649 1200 10.0 69 7,278 0.18 7.0 0.98 Ruptured
10851 649 1200 8.0 55 12,057 0.044 1.245 0.78
12255 649 1200 5.0 34 992 0.030 0.08 0.49 Discontinued
12443 649 1200 5.0 34 5,255 0.024 0.098 0.49
12460 649 1200 3.0 21 5,104 0.020 0.167 0.29
10856 704 1300 10.0 69 568 0.067 15.6 0.90 Ruptured
11562 704 1300 10.0 69 653 0.12 22.5 0.90 Ruptured
11222 704 1300 8.0 55 2,760 0.031 16.4 0.72 Ruptured
12254 704 1300 5.0 34 6,136 0.030 0.910 0.45
12461 704 1300 3.0 21 5,038 0.018 0.284 0.27
12462 704 1300 2.0 14 4,951 0.010 0.202 0.18

2annealed 0.5 hr at 1093°C before testing.

All tests loaded at a strain rate

of 0.004/min.

ineld stresses used in this ratio we 12,700 psi (88 MPa) at 427°C (800°F),
11,800 psi (81 MPa) at 482°C (900°F), 11,100 psi (77 MPa) at 538°C (1000°F),
10,900 psi (75 MPa) at 593°C (1100°F), 10,200 psi (70 MPa) at 649°C (1200°F),
11,100 psi (77 MPa) at 704°C (1300°F).

c
Unless otherwise noted, tests in progress.
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Table 5.2. Uniaxial Tensile Tests Following Periods of
Creep on Reference Heat of Type 304 Stainless Steel

ORNL-DWG 74-7614

TEMPERATURE
°C (°F)

STRESS

ksi (MPa) 482 (900) 538 (1000) | 593 (1100) | 649 (1200)

5 (34 oOAO0¢ oOADO

7 (48) o Ao ¢ O A0 ¢ oA D9

10 (69 oOAD o AD ¢ oAO0¢ oaAaO0 ¢

-10 (-69) O ADO oOaAo0O ¢ o A0 o A0 ¢

12 (83) o AD¢d oADd oA D9 oA DY

12 (83) v v v

16 (110) oADO oAaD0 oAaDY e Am )

16 (1100 v v v

20 (138) oA 09 o A0 ® A0

20 (138) v v v

SYMBOLS ARE FOR DIFFERENT CREEP TEST PERIODS
o= 100, a= 500, = 2000, 0= 10,000hr.

v= TEST DURATIONS ESTABLISHED WHEN THE TOTAL STRAINS
AT THE END OF CREEP PERIODS ARE EQUAL TO THOSE FOR
THE 10 ksi TESTS AT THE SAME TEMPERATURE AND WITH
A 10,000 hr CREEP PERIOD.

CLOSED SYMBOL REPRESENTS A COMPLETED CREEP TEST.
HALF CLOSED SYMBOL REPRESENTS TEST, WHICH WILL

RUPTURE OR HAVE RUPTURED BEFORE DISCONTINUING
PERIOD.

5.2.2 Materials Behavior in Support of Development and Evaluation of
Failure Criteria for Materials — V. K. Sikka

The workable "strain limits" for design applications, which should
reflect material ductility, were described in earlier reports.l’2 The
ductility measures chosen were total elongation, product of minimum
creep rate times time to rupture, and strain to the end of secondary
creep. These measures were used? to analyze the data on type 316 stain-
less steel.

In this report ductility measures used include total elongation,
product of minimum creep rate times time to rupture, and reduction of
area. These have been applied to analyze the data reported in Sec. 5.2.1.1
(Table 5.1) for the reference heat of type 304 stainless steel.

Minimum creep rates have been calculated from the updated creep
curves and are plotted against initial creep stress in Fig. 5.1. The
stress rupture plot is shown in Fig. 5.2. The present ORNL creep data
are compared with HEDL creep data® in Figs. 5.3 and 5.4 and with previ-

ously reported ORNL data" [ORNL, reference heat 9T2796 1-in. plate (25 mm)]
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Table 5.3. Tensile Properties on Reference Heat of Type 304 Stainless Steel After Creep Tests

Creep Conditionsa

Tensile Results at 0.040/min Strain Rate

Stress

Strain, %

Proportional _Strength, ksi(MPa)

Elongation, 7%

Reduction

Test _— Duiﬁgion Test Effgffifﬂ:i Limic Ultimate of Area
(ksi)  (MPa) Creep Total ccy (°P (ksi) (MPa) 0.2% Yield .- 0%~ Uniform Total )
11798b 482 900 6.1 42 12.2( 84) 55.8(385) 46.4 51.5 71.4
11693 14 97 2690 0.14 1.06 13701 482 900 7.2 50 15.8(109) 57.3(395) 38.0 40.7 63.2
11675 16 110 2451 0.03 1.51 13702 482 900 12.4 85 21.9(151) 55.8(385) 33.8 39.5 67.9
11794b 649 1200 6.7 46 10.4( 72) 40.2(277) 36.0 48.3 49,2
13824 16 110 102 2.87 5.18 13869 649 1200 19.5 134 21.1(145) 39.8(274) 20.2 25.8 35.0

9 for

a
Creep at eventual tensile temperature; second stage had been reached.

Specimen gage length-to-diameter ratio = 5 for specimens without prior creep; specimen gage length~to-diameter ratio =

crept specimens.
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in Fig. 5.5. The ORNL minimum creep data on reference heat 2-in. plate

(51-mm) and l-in. (25-mm) plate,? Fig. 5.5, show very good agreement for

all test conditions.
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Fig. 5.5. Stress Versus Minimum Creep Rate for Reference Heat 9T2796
of Type 304 Stainless Steel Compared with Reference Heat Data of
Swindeman and Pugh.

The HEDL® creep data are limited to only three test temperatures
and test times less than 7000 hr, whereas Swindeman and Pugh® data extend
to seven different test temperatures and to test times yielding minimum
creep rates values down to approximately 5 X 1078 %/hr. The present
creep data on reference heat 2-in. (51-mm) plate are at six different
temperatures and test times reaching 14,000 hr, and testing is still
continuing.

In general, minimum creep rate versus stress data fit a power law

of the type
€, = A, 0 . €D)

For minimum creep rate values greater than a critical minimum, which
increases with increasing test temperature in the range 593 to 704°C
(1100-1300°F), Eq. (1) is obeyed and yields values of stress exponent,

M in the range 7.9 to 10.9. 1In the same temperature range for minimum

creep rate values less than critical the stress exponent, W approaches
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values in the range 0.5 to 1. For the test temperature range of 427 to
538°C (800—1000°F), the minimum creep rate values are in the range of
2 x 10~%%/hr to 2 x 10~ °%/hr and seem to show a stress exponent of about
2.8 to 3.0.

The stress versus time to rupture data can also be approximated by

a power law, similar to Eq. (1), as:
_ r
1/tr =4,0° . 2)

Constants from Eqs, (1) and (2) and their ranges are summarized in
Table 5.4. It is interesting to note that the stress expoment 7 for
stress versus time to rupture data is essentially the same in the tem-
perature range 593 to 704°C (1100-1300°F), whereas n is significantly
different for 593°C (1100°F) then for 649 and 704°C (1200 and 1300°F).
A similar conclusion holds true for Ar and Am.

Equations (1) and (2) have significance from a design point of view,
because the combination of these two equations gives a measure of the
so-called® stable creep elongation, ey The combination of Eqs. (1) and

(2) gives

. "
Emtr =e, = (Am/Ar> a . (3)

Elimination of o from Eqs. (2) and (3) gives a relationship of the form

. .. -k
et,=e, =Ct =, )

£t =e =C. (5)

Values of C and k have been calculated for the data obtained to date and
are listed in Table 5.4. For test temperatures of 649°C (1200°F) and
704°C (1300°F), the exponent X has values approaching zero, whereas for

593°Cc (1100°F) k is 0.35. If k is zero, ome would expect the coefficient



a .,
Table 5.4. Parameters™ in Creep Power Laws from the Present Data on Reference Heat 9T2796K
2-in. Plate (51 mm) of Type 304 Stainless Steel
n -
Test Stress Range . ¢ =4 Onm 1/t =4c 7T ¢t =e =Ct k
Temperature €n Range m m r r mr 8
(%/hr)
¢ccy (op (ksD o (MPa) " 4 n 4 (c) (k)
m m r r
427 800
14—20 96138 2 x 1075 — 6.4 x 1078 -3 6.9 x 1078
482 900
538 1000 1020 60—138 2.8 x 10°% — 3.5 x 10°° 2.8 4.5 x 107° .
N
593 1100 14—35 96—241 2,0 x 1075 — 3,7 x 107! 10.9 6.8 x 10~!8 8.1 1.4 x 107" 35.4 0.35 ©
649 1200 616 41-110 1.3 x 107° ~ 2.8 x 10™? 7.9 8.0 x 107}2 7.3 6.0 x 10712 12.8 0.08
649 1200 35 21-34 1x107°% -4 x 107° 0.5
704 1300 4—10 28-69 1.5 x 107° — 2.5 x 10~2 7.9 3.1 x 10710 7.2 9.9 x 107! 24.8 0.09
704 1300 24 14—28 1.5 x 107° - 1.8 x 107° 0.5

a
Values are based on stresses in ksi.
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C to increase with increasing test temperature; however, in the present
case k deviated from zero, and thus increasing values of ( were not
observed over the whole test temperature range.

The significance of quantity ey in relation to the creep curve is
shown in Fig. 5.6. The values of ey calculated from the present data
are plotted in Fig. 5.7. The solid lines have been calculated from
Eq. (4). The "stable" creep strain values were also calculated for the
HEDL creep data® and are compared with the present data in Fig. 5.8.
Some tenative conclusions from Figs. 5.7 and 5.8 are as follows:

1. Stable creep strain ey decreases with decreasing test temperature.

2. Generally ey decreases with increasing time to rupture.

3. 1In particular at temperatures up to 593°C (1100°F) e, decreases
sharply with increasing time to rupture.

4. The lowest value of ey observed at test times approaching 7500 hr
is approximately 2% at 528 and 593°C (1000 and 1100°F).

No tests at 427 and 482°C (800 and 900°F) have ruptured at present;

however, data from these tests are expected to be available in the future.

ORNL-DWG 74-7592

*

CREEP STRAIN —»

TIME —

Fig. 5.6. Definition of the Quantity eg-
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Although e is a rather useful measure of ductility, total elongation
at rupture and reduction of area can also be used as a guide in defining
a long-term ductility or strain limit. Krisch® reported elongation at
rupture and reduction of area data for creep tests on stainless steel
to test times reaching 30,000 hr. Krisch's data are compared in Fig. 5.9
with ORNL reference heat data. One of our creep tests on heat 845 of
type 304 stainless steel ruptured at 14,077 hr (longest ruptured test
available) and thus has also been included in Fig. 5.9. Chemical analy-
sis of ORNL heats and that of the material used by Kirsch have been
included on Fig. 5.9. The present data for reference heat and test tem-
peratures of 593 and 649°C (1100 and 1200°F) compare reasonably well
with data by Kirsch.® The important point to note is that at 593 and
649°C (1100 and 1200°F) the rupture elongations reach values of 2 and 3%,
respectively, and reduction of area values of 5% at time periods of 25,000
to 30,000 hr.

Work will continue in this area, and more results will be plotted

as they become available.

3 =]
o Q
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N
Q

[ T TT7TT 7T TTTTTT T T T TTTIT ORNL-DWG 74 - 7591
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Fig. 5.9. Ductility of Reference Heat of Type 304 Stainless Steel
Compared with Data Reported by Kirsch, Joint Intern. Conf. Creep,
The Institute of Mechanical Engineers, London, 1963, pp. 1-81—1-89.
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5.2.3. Heat-to-Heat Variation of Mechanical Properties of Types 304 and
316 Stainless Steel — V., K., Sikka

5.2.3.1 Long-Term Creep Tests in Heat-to-Heat Variation Study of
Type 304 Stainless Steel

Ten long-term creep tests are in progress on several heats of type
304 stainless steel at 593°C (1100°F). One test on heat 845 went to
rupture after 14,077 hr. The creep curve for this long-term test is
shown in Fig. 5.10. The time to third stage (0.27% offset) in this test
was 11,000 hr, and the creep strain at that time was 3.6%. The rupture
elongation was 12.87%, whereas creep strain to rupture was 11.47%. The
reduction of area at rupture was 157. The stable creep strain (defined
in Fig. 5.6) was 1.97Z.

The other nine long-term creep tests are still in progress, and
their present status is shown in Table 5.5. Two of the creep tests have
reached test times of 23,000 hr and seem to be moving much faster and
might rupture in the next three months. These tests will add very use-
ful information concerning the strain limit problem, the effect of vari-
ation in composition on long-term tests, and a more reliable creep equa-
tion. The ruptured creep specimen will be used to study the microstruc-
tural stability, type of precipitation, nature of cracking, and

substructure.

5.2.3.2 Effect of Aging on the Tensile Properties of Type 304 Stainless
Steel

The investigation of influence of aging on the mechanical properties
of various heats of type 304 stainless steel continued. The program in-
volves nine heats of type 304 stainless steel and various combinations
of aging time and temperature. The scope of the aging program is shown
in Fig. 5.11(a). Six more blocks of heat 544 aged 4000 hr were removed
from the furnace. The present status of the aging program is shown in
Fig. 5.11(b). Some of the blocks of heats 845 and 926 had come out after
aging perigds of 10,000 hr. Blocks of other heats are about to reach
10,000 hr and will become available for machining into specimens during

the next three months.
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Table 5.5 Status of Several Long-Term Creep Tests of

Type 304 Stainless Steel at 593°C (1100°F)

Time to
a Stress, Test Strain, 7% Minimum Onset of
Test Heat Condition Time Creep Rate Tertiary
(ksi) (MPa) (hr) Loading Creep (%/hr) Creep

(hr)

10396 60551 A 479 25.0 172 15,035 1.81 3.962 1.4 x 107 >12,732
10395 346845 A 240 25.0 172 Ruptured 1.37 11.35 1.4 x 10— 11,000
9499 300380 Reannealed 17.0 117 21,230 0.72 0.91 ~0 >18,878
9483 600414 Reannealed 17.0 117 21,300 1.49 0.926 1.1 x 1073 >18,999
9464 337330 A 240 17.0 117 21,564 —0.20 0.98 5.5 x 10—® >19,212
9446 9T2796 A 479 17.0 117 21,565 0.13 1.14 2.1 x 10~° >19,262
9443 337187 A 240 17.0 117 21,528 0.47 4.455 9,7 x 107° 17,000
9371 55697 A 479 17.0 117 21,765 0.62 3.63 1.4 x 10— 15,500
9221 600414 A 240 17.0 117 23,702 0.18 0.712 1.0 x 107° >21.398
9508 346544 A 240 17.0 117 21,128 0.22 3.00 3.5 x 10°° 17,300

2As received per indicated specification or reannealed 0.5 hr at 1065°C (1950°F).

b X :
Unless otherwise noted tests are in progress.

7el
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Fig. 5.11. Aging Program for Type 304 Stainless Steel.
(a) Scope. (b) Status.

Several of the aged samples have been tensile tested at both room
temperature and 593°C (1100°F). The tensile data on heats 845 and 926
have become available on specimens aged for 10,000 hr. The properties
for these heats have been plotted as bar charts in Figs. 5.12 through
5.17. The results suggest that the changes in tensile properties are
functions of (a) pretreatment, (b) aging temperature, (c) aging time,

and (d) test temperature.
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Fig. 5.12. Effect of Aging on Tensile Properties at Room
Temperature for Heat 346845 Aged in the As~Received Conditionm.
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Fig. 5.13. Effect of Aging on Tensile Properties at Room
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Fig. 5.14. Effect of Aging on Tensile Properties at 593°C (1100°F)
for Heat 346845 Aged in the As-Received Condition.
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Fig. 5.15. Effect of Aging on Tensile Properties at 593°C (1100°F)
for Heat 346845 Aged in the Reannealed Condition.
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Fig. 5.16. Effect of Aging on Tensile Properties at Room
Temperature for Heat R22926 Aged in the As—Received Condition.
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Fig. 5.17. Effect of Aging on Tensile Properties at 593°C (1100°F)
for Heat R22926 Aged in the As-Received Condition.




139

5.2.3.2.1 Effect of Aging Time. The changes in tensile properties

for specimens tested at room temperature and 593°C (1100°F) for heat 845
in the A 240 condition, then aged at 649°C (1200°F), are plotted as a

function of aging time in Fig. 5.18.
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Fig. 5.18. Change in Tensile Properties at Room Temperature and
593°C (1100°F) as Functions of Aging Time for Heat 346845 of Type 304
Stainless Steel in A 240 Condition.

Several comments on Fig. 5.18 are:

1. The 0.27% yield strength showed relatively large changes for a
test temperature of 593°C (1100°F) as compared with room temperature.

2., Ultimate tensile strength at room temperature increased and
that at 593°C (1100°F) decreased, but the changes were not affected
significantly by aging times up to 10,000 hr.

3. Uniform elongation decreased continuously as a function of
aging time. The decrease was much greater for specimens tested at 593°C
(1100°F) as compared with room temperature. The maximum reduction in
uniform elongation observed for 10,000 hr aging and test temperature of
593°C (1100°F) was 16.67%.

4, Total elongation also decreased continuously with increasing
aging time. The amount of change for room temperature and 593°C (1100°F)

was essentially the same.
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5. Consistent with uniform elongation, reduction of area showed
small changes for test temperature of 593°C (1100°F) as compared with
room temperature. The changes in reduction of area were maximum for
1000 hr and then remained constant with further increase in aging time.

Effect of aging time and temperature on tensile properties at room

temperature and 593°C (1100°F) for heat 926 is shown in Fig. 5.19.
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Fig. 5.19. Change in Tensile Properties As Functions of Aging
Temperature for Heat R22926 of Type 304 Stainless Steel in A 240
Condition Aged 4000 and 10,000 hr. (a) Tested at room temperature.
(b) Tested at 593°C (1100°F).

Some comments from Fig. 5.19 are as follows:

1. The 0.2% yield strength for room-temperature tests did not show
any significant effect of aging time or temperature, while those at 593°C
(1100°F) showed a decrease for an aging temperature of 482°C (900°F),
followed by an increase with increasing temperature and time.

2. Room-temperature ultimate tensile strength showed a maximum
decrease at an aging temperature of 482°C (900°F), but recovered with
increasing aging temperature. The changes in ultimate tensile strength

were smaller for longer aging time. At a test temperature of 593°C (1100°F)
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and an aging temperature of 482°C (900°F), there were no changes in
ultimate tensile strength. For higher aging temperatures tensile strength
decreased, and the amount of decrease was smaller for a 10,000 hr aging
time as compared with 4000 hr.

3. Uniform elongation for tensile tests at room temperature increased
slightly at an aging temperature of 482°C (900°F), but decreased contin-
uously with increasing temperature and time. At a test temperature of
593°C (1100°F) uniform elongation decreased even at an aging temperature
of 482°C (900°F), and showed further decrease with decreasing aging tem-
perature. The decrease was again more for 10,000 hr aging than for 4000 hr.

4. Total elongation and reduction of area followed the same trends

as uniform elongation for both test temperatures.

5.2.3.2.2 Effect of Aging and Test Temperatures. Effect of aging

temperature on the room-temperature and 593°C (1100°F) properties of
heats 845 and 807 aged in A 240 conditions for 4000 hr is shown in
Fig. 5.20. Similar plots for heat 926 have already been shown in Fig. 5.19.
Some general comments on all heats are:

1. A maximum influence on tensile properties is observed for an
aging temperature of 649°C (1200°F).

2. TFor relatively small changes in strength properties, ductility
shows a considerable decrease.

3. Uniform elongation at 593°C (1100°F) can decrease by 15 to 20%
at an aging temperature of 649°C (1200°F).

4. Heat 807, which is more close in chemical composition to type
304L stainless steel, shows large changes in properties, even after aging
at 482°C (900°F). Further increase in aging temperature only produces

a small increment.

5.2.3.3 Influence of Aging on Creep Properties of Type 304 Stainless
Steel

Several heats of type 304 stainless steel are being aged in both
the as-received and reannealed condition at 482, 593, and 649°C (900,

1100 and 1200°F) for aging periods of 1000, 2000, 4000, and 10,000 hr.
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Fig. 5.20. Change in Tensile Properties at Room Temperature and
593°C (1100°F) as Functions of Aging Temperature of Type 304 Stainless
Steel in A 240 Condition. (a) Heat 346845. (b) Heat X22807.

The scope and the status of this program have already been presented in
Fig. 5.11. 1In addition to the tensile tests (described in the previous
section), creep tests are also being conducted on the aged specimens.

A total of 37 creep tests has been completed, 13 on heat 845, nine on

the reference heat (796K), ten on heat 807, two on heats 544 and 121, and
one on heat 380.

All creep tests on the aged specimens have been performed at a test
temperature of 593°C (1100°F), initial creep stress of 30 ksi (207 MPa),
and test times up to 1450 hr. Although more tests of longer duration
and on other aged heats of type 304 stainless steels are continuing, the
present results show the following:

1. The minimum creep rate and time to rupture may both increase.

2. The minimum creep rate may decrease and time to rupture increase.

3. Both minimum creep rate and time to rupture may remain unchanged.

Out of the six differene heats studied, two heats showed increase

in both minimum creep rate and time to rupture, two of them showed
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decrease in minimum creep rate and increase in time to rupture, whereas

one heat showed the mixed behavior.

5.2.3.4 Heat-to-Heat Variation of Type 316 Stainless Steel

Seven wrought and one as—cast heats of type 316 stainless steel
are currently included in this program. The reference heat will be
added to this program as soon as it becomes available. The test pro-
gram being followed in this program is outlined in Fig. 5.21.

Parts A, B, and C have been completed on all heats except the refer-
ence heat. Tensile properties for parts A and B were reported previously.7
Effects of composition and grain size variation were investigated and
are presented in Sec. 5.2.3.6. All creep tests in Part C have been
completed. One of the heats, 686, was exceptionally strong, and thus
additional creep tests were performed at a stress of 50 ksi (345 MPa).

The status of the aging program in part D is shown in Fig. 5.22.

All blocks aged for periods of 4000 hr have been taken out of the furnace
and machined into specimens. The tensile tests on all aged specimens
have been completed, whereas creep tests are still in progress. Tensile
and creep tests listed in parts F and G of Fig. 5.21 will be started on

the reference heat when it becomes available.

5.2.3.5. Influence of Aging on Tensile and Creep Properties of Type 316
Stainless Steel

Tensile tests have been performed on aged specimens at room temper-
ature and 593°C (1100°F) at a strain rate of 0.040/min. The results for
heats 613, 686, and 212 are summarized in Tables 5.6 through 5.11,

Change in tensile properties at room temperature and 593°C (1100°F) in
the as-received and reannealed condition are plotted as a function of
aging temperature in Fig. 5.23. Some general comments on this figure
are as follows:

1. Yield strength at room temperature decreases, whereas at 593°C
(1100°F) it increases with the increasing aging temperature.

2. TUltimate tensile strength at room temperature increases, whereas

at 593°C (1100°F) it decreases with increasing aging temperature.
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Select 8 Heats

(A) (8)
As-Received Annealed 0.5 hr at 1065°C (1950°F)
Tensile Tests Complet Tensile Tests
Strain rate 0.04/min Complete -omplete Strain rate 0.04/min
RT, 427, 593, and 649°C (800, 1100, and 1200°F) RT, 427, 593, and 649°C (800, 1100, and 1200°F)
4 Selected Heats
8 Heats o () (0)
Creep and Rupture Study Aging Program
593°C (1100°F) T
(10 to 3000 hr tests) Heats PRSI o e A
As-Received Annealed Complete
35 ksi (241 MPa) 35 ksi (241 MPa) 915509 1,000 482 900
40 ksi (276 MPa) 40 ksi (276 MPa) 327686 com- 2,000 593 1100
500613 plete 4,000 649 1200
+ (£) 2P3212 10,000
In Progress | (1) Microstructure.
Tests on Selected Heats to Determine Complete (2) Tensile Properties, RT, 593°C (1100°F)
Stress and Temperature In Progress | (3) Creep Behavior at:
Dependence 593°C (1100°F) - 40 ksi (276 MPa)
4 Heats 593°C (1100°F) - 35,000 (241 MPa)

538°C (1000°F): 40 ksi (276 MPa)

593°C (1100°F): 40, 30, and
20 ksi (276, 207, and 138 MPa)

649°C (1200°F): 40 ksi (276 MPa}

!

Select One Heat for Detailed Study in Reannealed* Condition

In Progress

(F) | (6)
Tensile Tests in Creep Tests in Addition to Abovet
Addition to Abovet Temperature Stress Loading Strain Duration
Temperature  Strain Rate (°c)  (°F) (ksi) (MPa) Rate (min—') (hr)
oC oF 'n—l
o n min™) |10 start on 538 1000 1“9 0.005 50,000
533 1000 0.008 Reference 593 1100 10 69 0.0005 1,000
23 1100 ooos  |Meat 53 1100 10 69 0.005 50,000
s 1200 0,004 To Start 593 1100 10 69 0.25 1,000
297 1100 0" 0004 on Reference | 593 1100 14 97 0.005 35,000
Heat 593 1100 16 110 0.0005 1,000
593 1100 16 110 0.005 10,000
593 1100 16 110 0.25 1,000
648 1200 14 97 0.005 10,000

*Reannealed for 0.5 hr at 1065°C (1950°F) in argon and air cooled.
1Tests will be started after the procurement of the reference heat.

Fig. 5.21. Heat-to-Heat Variation Program, Type 316 Stainless Steel.
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Table 5.6. Tensile Properties of Type 316 Stainless Steel Heat 613
at 25°C (77°F) and a Strain Rate of 0.040/min
freatment Stress, ksi(MPa) Strain, 7% Reduction
Condition ii?; Temperature ¢ield gi;:?ize Tiform oeal of(é;ea
(°C) (°F)

A 240 37.8(261) 86.5(596) 54.4 69.0 67.0
A 240, aged 4000 482 900 41.9(289) 88.7(612) 48.3 65.4 64.3
A 240, aged 2000 593 1100 41.2(284) 90.9(627) 53.0 61.9 57.8
A 240, aged 4000 593 1100 40.1(276) 91.4(630) 47.0 61.6 58.6 K
A 240, aged 1000 649 1200 41.9(289) 92.9(641) 44,0 55.1 57.1 <
A 240, aged 2000 649 1200 39.0(267) 91.5(631) 46.5 55.2 57.8
A 240, aged 4000 649 1200 39.0(267) 92.5(638) 40.7 52.2 53.4
Reannealed 0.5 1065 1950 35.1(242) 85.7(591) 64.0 72.4 65.8
Reannealed, aged 4000 482 900 38.2(263) 88.2(608) 52.7 68.6 53.7
Reannealed, aged 2000 593 1100 52.6(363) 102.7(708) 40.9 52.6 61.5
Reannealed, aged 4000 593 1100 37.7(260) 89.6(618) 54.0 62.0 61.2
Reannealed, aged 1000 649 1200 35.5(245) 89.4(616) 48.8 60.3 58.5
Reannealed, aged 2000 649 1200 37.4(258) 89.6(618) 48.0 58.9 58.9
Reannealed, aged 4000 649 1200 37.0(255) 91.0(627) 55.6 53.2




Table 5.7. Tensile Properties of Type 316 Stainless Steel Heat 613
at 593°C (1100°F) and a Strain Rate of 0.040/min

[restment Stress, ksi(lPa) Strain, % Reduction
Condition ii?? Temperature Yield gii:?ize oiform Total of(é;ea
(°C) (°F)
A 240 18.1(125) 63.2(436) 45.6 45.5 53.9
A 240, aged 4000 482 900 20.0(138) 64.2(443) 37.9 46.3 54.9
A 240, aged 2000 593 1100 21.6(149) 62.5(431) 33.0 44.5 52.5
A 240, aged 4000 593 1100 21.8(150) 59.4(410) 29.3 42,2 49.3 -
A 240, aged 1000 649 1200 22.0(152) 62.7(432) 33.6 41.9 49.9 3
A 240, aged 2000 649 1200 23.3(161) 59.8(412) 26.7 35.6 52.8
A 240, aged 4000 649 1200 21.4(148) 59.3(409) 23.9 37.3 44.5
Reannealed 0.5 1065 1950 16.3(112) 63.5(438) 45.6 53.9 53.9
Reannealed, aged 4000 482 900 18.6(128) 63.1(435) 39.0 50.4 51.3
Reannealed, aged 2000 593 1100 31.1(214) 69.8(481) 31.5 40.7 55.6
Reannealed, aged 4000 593 1100 19.5(134) 59.8(412) 35.9 46.1 49.8
Reannealed, aged 1000 649 1200 20.2(139) 60.0(414) 33.6 42.4 51.9
Reannealed, aged 2000 649 1200 21.1(145) 60.8(419) 41.2 50.0
Reannealed, aged 4000 649 1200 20.9(144) 58.7(405) 24.8 36.4 45.9




Table 5.8. Tensile Properties of Type 316 Stainless Steel Heat 686
at 25°C (77°F) and a Strain Rate of 0.,040/min

Treatnent Stress, ksi(MPa) Strain, % Reduction
Condition fi?? Temperature ield gigi?i;e Unifors Total of(%;ea
(°C) (°F)
A 240 53.4(368) 100.3(698) 38.8 57.0 69.0
A 240, aged 4000 482 900 54.5(376) 103.9(716) 36.1 53.7 68.5
A 240, aged 2000 593 1100 57.5(396) 105.3(726) 39.0 51.0 60.9
A 240, aged 4000 593 1100 54.1(373) 104.1(718) 34.9 47.7 58.0 —
A 240, aged 1000 649 1200 55.6(383) 105.2(725) 36.0 45.9 59.3 &
A 240, aged 2000 649 1200 60.0(414) 106.7(736) 36.2 47.4 54.3
A 240, aged 4000 649 1200 54.6(376) 108.6(749) 29.4 41.3 51.6
Reannealed 0.5 1065 1950 52.2(360) 98.5(679) 39.8 57.0 70.7
Reannealed, aged 4000 482 900 53.9(372) 103.5(714) 37.0 53.9 66.5
Reannealed, aged 2000 593 1100 36.9(254) 87.5(610) 54.5 64.9 62.8
Reannealed, aged 4000 593 1100 52.2(360) 102.8(709) 35.4 48.4 58.8
Reannealed, aged 1000 649 1200 50.3(347) 103.1(711) 39.2 48.4 58.5
Reannealed, aged 2000 649 1200 49.8(343) 103.4(713) 37.8 46.4 50,2
Reannealed, aged 4000 649 1200 47.4(327) 103.7(715) 32.5 47.5 54.0




Table 5.9. Tensile Properties of Type 316 Stainless Steel Heat 686
at 593°C (1100°F) and a Strain Rate of 0.040/min

Treatnent Stress, ksi(MPa) Strain, 7 Reduction
Condition Time Temperature Ultimate Uniform Total of érea
(hr) . - ¥ield Tensile %)
(°C) (°F)
A 240 30.2(208) 75.0(517) 35.2 46.5 59.5
A 240, aged 4000 482 900 32.0(220) 83.9(578) 27.8 44,1 53.5
A 240, aged 2000 593 1100 37.3(257) 72.0(496) 27.4 40.4 50.2
A 240, aged 4000 593 1100 33.7(232) 68.6(473) 28.1 40.2 54.9 e
A 240, aged 1000 649 1200 35.5(245) 68.2(470) 27.2 35.7 49.5 0
A 240, aged 2000 649 1200 33.4(230) 69.5(479) 24.8 36.6 51.3
A 240, aged 4000 649 1200 35.9(248) 69.8(481) 18.5 28.5 45.4
Reannealed 0.5 1065 1950 28.8(199) 72.6(501) 38.4 48.8 60.5
Reannealed, aged 4000 482 900 29.1(201) 73.8(509) 30.7 42.2 54.4
Reannealed, aged 2000 593 1100 19.5(134) 62.5(431) 36.5 44.3 55.6
Reannealed, aged 4000 593 1100 29.3(202) 68.9(475) 26.1 42.9 52.1
Reannealed, aged 1000 649 1200 30.0(207) 67.8(467) 28.8 36.0 47.5
Reannealed, aged 2000 649 1200 30.6(211) 68.5(472) 26.0 34.4 48.4
Reannealed, aged 4000 649 1200 29.7(205) 68.0(469) 21.3 32.2 48.8




Table 5.10. Tensile Properties of Type 316 Stainless Steel Heat 212
at 25°C (77°F) and a Strain Rate of 0.040/min

Treatment

Stress, ksi(MPa) ., o Reduction
Strain, %
Condition Temperature of Area
Time vi Ultimate . %)
(hr) ‘TT"____T?— ield Tensile Uniform Total
(°C) (°F)
A 240 36.8(254) 86.6(597) 60.7 72.0 73.0
A 240, aged 2000 593 1100 37.3(257) 88.6(611) 53.4 62.4 64.5
A 240, aged 1000 649 1200 35.9(218) 87.1(601) 53.6 65.7 61.6 -
u
A 240, aged 2000 649 1200 37.3(257) 91.7(632) 46.6 56.0 60.1 ©
Reannealed 0.5 1065 1950 34.8(240) 85.0(586) 56.8 72.0 72.9
Reannealed, aged 4000 482 900 36.4(251) 86.7(612) 53.0 68.5 71.4
Reannealed, aged 2000 593 1100 36.1(249) 86.7(598) 55.7 64.4 66.4
Reannealed, aged 4000 593 1100 35.8(247) 87.6(604) 54.3 68.3 65.3
Reannealed, aged 1000 649 1200 35.9(248) 87.1(601) 53.6 65.7 61.6
Reannealed, aged 2000 649 1200 37.2(256) 90.1(621) 47.8 53.3 59.7
Reannealed, aged 4000 649 1200 38.7(267) 92.7(639) 41.1 53.7 55.2




Table 5.11.

at 593°C (1100°F) and a Strain Rate of 0.040/min

Tensile Properties of Type 316 Stainless Steel Heat 212

freatnent Stress, ksi(MPa) Strain, % Reduction
Condition %ﬁ:? Temperature ield gig:?i;e niform  Total of(;;ea
(°C) (°F)

A 240 19.2(132) 66.3(457) 44.0 49.0 60.4
A 240, aged 2000 593 1100 20.9(144) 60.6(418) 35.0 47.0 60.7
A 240, aged 1000 649 1200 18.4(127) 61.5(424) 37.6 51.4 57.2
A 240, aged 2000 649 1200 22,0(152) 60.0(414) 27.7 38.4 58.9
Reannealed 0.5 1065 1950 14,5(100) 60.6(418) 49.6 51.0 60.7
Reannealed, aged 4000 482 900 17.1(118) 60.8(419) 45.6 52.5 58.9
Reannealed, aged 2000 593 1100 18.3(126) 49.2 56.8
Reannealed, aged 4000 593 1100 19.5(134) 59.8(412) 35.9 46.1 49,8
Reannealed, aged 1000 649 1200 18.4(127) 61.5(424) 37.6 51.4 57.2
Reannealed, aged 2000 649 1200 21.7(150) 59.4(410) 37.2 35.9 53.8
Reannealed, aged 4000 649 1200 21.3(147) 59.5(410) 25.5 36.5 50.6

IST
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Fig. 5.23. Change in Tensile Properties as Functions of Aging
Temperature for Heat 500613 of Type 316 Stainless Steel in A 240
and Reannealed Conditions. (a) Tested at room temperature,

(b) Tested at 593°C (1100°F).

3. Changes in yield and ultimate tensile strengths are quite
similar for both as-received and reannealed conditions.

4. Uniform elongation at room temperature and 593°C (1100°F)
decreases for all aging temperatures. Furthermore, the amount of
decrease increases with increasing aging temperature.

5. Uniform elongation at room temperature shows a small decrease
for the as-received condition as compared with the reannealed condition,
whereas at 593°C (1100°F) it shows a great decrease for the as-received
condition as opposed to the reannealed.

6. The decrease in uniform elongation at 593°C (1100°F) is about
22%, compared with only 177 at room temperature.

7. Both total elongation and reduction of area at room temperature

decrease for all aging temperatures, and the amount of decrease increases




(a)

with increasing aging temperature.

for

593°C (1100°F).
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Similar results are also observed

8. The changes in total elongation and reduction of area are

smaller for the as-received than reannealed condition for both room
temperature and 593°C (1100°F).
The influence of aging on tensile properties at room temperature

and 593°C (1100°F) for heats 613, 686, and 212 is shown in Figs. 5.24

and

20—"
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Some very general comments on these figures are as follows:

1. Uniform elongation at 593°C (1100°F) for all heats decreases
for all aging temperatures. The amount of decrease in uniform elonga-
tion is maximum for an aging temperature of 649°C (1200°F) and a period
of 4000 hr.

2. The maximum decreases in uniform elongation at 593°C (1100°F)
for heats 613, 686, and 212 are 22, 17, and 247%, respectively.

3. The maximum decreases in uniform elongation at room temperature
for heats 613, 686, 212, are 14, 9, and 16%, respectively.

It is interesting to note that although aging decreases the uniform
and total elongations during a tensile test, it increases them during a

creep test. Work in progress will help explain these differences.

5.2.3.6 Correlation of Tensile Properties with Chemical Composition
and Microstructure

High-temperature tensile and creep properties are being studied at
ORNL for 20 different heats of wrought type 304 stainless steel and
seven heats of wrought and one cast type 316 stainless steel. A wide
variation exists in tensile and creep properties of various heats of
both types 304 and 316 stainless steel. These variations in high-
temperature mechanical properties could even increase due to the pickup
of interstitial impurities from exposure to the sodium environment.
The most important interstitials that affect the mechanical properties
are carbon, nitrogen, and boron. A review on the effect of other im-
purities is available.? Various approaches have been tried to explain
the effect of composition and microstructure on the room-temperature and
high-temperature tensile properties of austenitic stainless steels. The
purpose of this section is to review various approaches in context to
the heats being used in the heat-to-heat program.

Irvine et al.’ gave a regression equation describing the relation
between 0.2% yield stress (95% confidence) and the microstructure and

composition. The regression equation was of the type:
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Oy = 4,1 + 32(N,%2) + 23(C,%) + 1.3(8i,%2) + 0.24(Cr,%) + 0.94(Mo,%)
+ 1.2(v,7%2) + 0.29(W,%2) + 2.6(Nb,%) + 1.7(Ti,%) + 0.82(A1,%)
+ 0.16(8,%) + 0.46(d" /2y . (6)

The 0.2% yield strength (Oy) was expressed in tsi (1 tsi = 13.8 MPa)
and the grain size (d) in mm. All chemical elements were expressed as
weight percent; § represented the §-ferrite phase in stainless steel.
Similar equations were also given for ultimate tensile strength and
reduction of area. 1In less stable austenitic steels, a martensite
content less than 307 had little effect on 0.2% yield strength. The
tensile strength was shown to increase because of the presence of marten-

site, and its contribution could be calculated from the relation:

UTSmartensite = 12 + 0.82(martensite %) . N
The constant term of 12 arises from the formation of strain-induced
martensite during the tensile test at strains up to maximum load.

Dyson and Holmes!® investigated the effect of alloying additions on
the lattice parameter of austenite to determine the strengthening con-
tributions due to different elements. A multiple regression analysis

for the lattice parameter change due to various elements gave:

a = 3.5780 + 0.0330C + 0.0220N + 0.00095Mn — 0.0002Ni + 0.0006Cr
+ 0.0056A1 — 0.0004Co + 0.0015Cu + 0.0031Mo + 0.0051Nb + 0.0039Ti
+ 0.0018V + 0.0018W , (8)

where the symbols for the elements represent their contents in weight
percent. A linear multiple regression analysis was also carried out to
relate the 0.2% yield stress to the austenite composition and micro-
structure and was similar to that of Irvine et al.®

Dyson and Holmes!'® converted the regression coefficients for proof
stress to an atomic percent basis; these are shown together with the
corresponding changes in lattice parameter in Fig. 5.26. In general,

an increase in the distortion of the austenite lattice produced by the
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addition of substitutional ferrite-forming elements causes an increase
in the strengthening effect of the solute. The austenite-forming
substitutional elements, however, produce no significant strengthening.
Nitrogen and, to a lesser extent, carbon produce large increases in
0.2% yield stress for a given lattice strain than is observed for the

10 suggested that the large

ferrite-forming elements. Dyson and Holmes
effect of nitrogen could be due to the interstitial positions adopted
by these elements, although the large effect of nitrogen may be due to
clustering in these positioms.

Soo and Horton'! recently reviewed the effect of carbon and nitro-
gen on the short-term tensile behavior of solution-treated types 304 and

316 stainless steel. The yield and tensile strengths and total elonga-

tions of solution-treated type 304 stainless steel were give, respectively,

by equations:
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o, = 89.952 + 181.167(C + N) — 0.148T(C + N) — 5.7277*/2 + 0.1057 ,
standard deviation = 2.236, (valid for 297 < T <922 K, 751200°F);
9)
o, = —1.806 — 227.391(C + N) + 1218.3927-1/2 4 1.1277(C + N) —

8.446 x 107"T2(C + N), standard deviation = 2.645, (valid for 366

<'T < 866 K, 200-1100°F); (10)

€ = 29.595 —89.898(C + N) + 468.4147~*/2, standard deviation = 2.955,
(valid for 477 < T < 922 K, 400-1200°F). (11)

Equations 9 through 11 were shown'!

to be valid for (C + N) < 0.13 wt %
and to apply to plate, bar, pipe, and forged material. The stresses
Oy and g, are in ksi (1 ksi = 6.895 MPa), and € is expressed in percent.

For type 316 stainless steel, the equations were:

o, = 88.474 + 211.640(C + N) — 0.206T(C + N) — 5.7627'/2 + 0.1117,
standard deviation = 2.806, (valid for 297 < T <977 K, 751300°F);
(12)
0, = 8.563 — 461.665(C + N) + 1064.1547"1/2 4+ 2.7227(C + N) —

2.330 x 107%7%(C + N), standard deviation = 6.458, (valid for
297 < T < 977 K, 75-1300°F); (13)

€ = 28.000 — 99.139(C + N) + 653.9267"/2, standard deviation = 6.703,
(valid for 297 < T < 977 K, 75-1300°F). (14)

The above equations, (12—14), were said to be valid!! for (C + N)
< 0.10 wt %Z. These equations may be used for plate, bar, pipe, rod,
sheet, strip, and forged material.

Several papers presented in a symposium12

on elevated-temperature
properties discuss the influence of nitrogen additions on the behavior
of types 304 and 316 austenitic stainless steel. Natesan et al.!® have
also reviewed the effect of carbon and nitrogen on the mechanical prop-

erties of stainless steels.
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The chemical analysis and grain size of 20 heats of type 304 stain-
less steel and seven heats of type 316 stainless steel being investigated
in the present program were used in Eq. (6) to calculate the 0.27% yield
strength. The calculated and experimental results at room temperature
are compared for these heats in Fig. 5.27. For most of the cases, cal-
culated yield strength values are lower than observed. Only one possible
error in calculation can arise from the fact that for 20 heats of type 304
stainless steel, aluminum and tungsten contents are not available, and
for both these elements, the coefficients of these elements in
Eq. (6) are relatively large. Furthermore, a few of the heats of type
304 stainless steel might have some 8-ferrite, which has also not been
considered. The agreement between the calculated and observed values
for type 316 stainless steel is very good for six heats. One heat, 686,

is the strongest and has 0.01% B and the smallest grain size. Equation (6)
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does not take boron into account, and, furthermore, for such a small
grain size (8 um) the linear addition may not be valid. Although
regression analysis in Eq. (6) gives an order-of-magnitude value of yield
strength at room temperature, no mention has been made as to its use

at high temperature.

Yield strength (0.2%) data for both types 304 and 316 stainless
steel at room temperature, 427, 593, and 649°C (800, 1100, and 1200°F)
have been compared with Eqs. (9) through (14) in Figs. 5.28 through 5.33.
Interestingly enough, these equations do not fit the present data. Some
of the possible reasons for such differences could be the assumptions
made in the HEDL analysis:

1. Alloy grain size was assumed to be a negligible variable.

2; The test strain rate was assumed to be negligible.

Thus it appears that one needs a better correlation between tensile
properties and material variables, such as composition and microstructure.

One such analysis is under way at ORNL.
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5.2.4 Mechanical Property Characterization of Type 316 Stainless Steel
Reference Heat

5.2.4.1 Procurement of Type 316 Stainless Steel Reference Heat —
R. J. Beaver

Production of all items required by this order has been completed
except for the finishing operations on the bar items and rounds to be
used for pipe manufacturing, the breakdown of ingot 7 to provide the two
remaining 24— by 24-in. (610- X 610-mm) forgings, the production of pipe
at the Ellwood Plant of the U.S. Steel Corporation (the Republic Steel
Corporation subcontractor), and the production of 16— and 28-in.-diam
(406 and 711 mm) pipe at Rollmet, Inc. (the UCC-ND subcontractor).

Inspections at CONAM (Republic Steel Corporation subcontractor) were

initiated early in July, and all inspections of the plate items except
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the 2-in. plate were completed. Inspections will be continuous through-
out August and September, and delivery of all plate, sheet, and bar items
should be complete by mid-September.

Periodic surveillances were made of the Republic Steel Corporation
activities, with emphasis on traceability by the aircraft identification
system. Disposition of items produced relative to the pouring sequence
of the ingots is summarized in Table 5.12, and the specific identities
of the items in relationship to concise traceability to position in the
ingot are listed in Table 5.13. The results of check chemical analyses
and mechanical properties tests are summarized in Table 5.14.

Pipe production remained in the planning stages. Manufacture of all
pipe items at the Ellwood Plant is anticipated shortly after delivery
of the rounds by Republic Steel early in August, with complete delivery
expected in late fall 1974. A contract with Rollmet, Inc., was arranged
for production of 16~ and 28-in.-diam (406 and 711 mm) pipe, and ship-
ment of pieces of the 24- by 24-in. (610- X 610-mm) forgings, produced by
Republic Steel Corporation, to the Carlton Forge Co. (the Rollmet sub-
contractor for manufacturing forged rings) is planned for late August.

Delivery of these items is estimated as January 1975.




Table 5.12. Summary Showing Disposition of Items Relative
to Pouring Sequence of the Ingots 316 Stainless Reference Heat

Ingot Nominal
Ingot Pour Size Ingot Product
Sequence Weight Form
(in.) (m) (1) (Mg)
1 25 x 27 0.64 x 0.19 12,000 5.44 8~in. (203-mm) rounds (pipe)
2 25 x 27 0.64 x 0.19 12,000 5.44 1/2~ and 5/8-in. (13- and 16-mm) plate
3 25 x 27 0.64 x 0,19 12,000 5.44 5/8-in. plate
4 43-in. octagon 1.09 25,390 11,52 24 x 24-in. (610 x 610 mm) forging
5 43-in. octagon 1.09 25,390 11.52 24 x 24-in, (610 x 610 mm) forging
6 43-in. octagon 1.09 25,390 11.52 Scrapped
7 43-in. octagon 1.09 25,390 11.52 Reserved (probably for forging)
8 20 % 41 0.51 x 1.04 14,670 6.66 0.125- and 0.060-in. (3.18- and 1.52-mm) sheet
9 20 x 41 0.51 x 1.04 14,670 6.66 1- and 2-in. (25- and 51-mm) plate
10 20 x 41 0.51 x 1.04 14,670 6.66 1- and 2-in. (25- and 51-mm) plate ;
11 20 x 41 0.51 x 1.04 14,670 6.66 1- and 2-in. (25- and 51-mm) plate b
12 20 x 41 0.51 x 1.04 14,670 6.66 2-in. (51-mm) plate
13 20 x 41 0.51 x 1.04 14,670 6.66 l-in. (25-mm) plate
14 20 x 41 0.51 x 1.04 14,670 6.66 1- and 2-in. (25- and 51-mm) plate
15 20 x 41 0.51 x 1.04 14,670 6.66 2-in, (51-mm) plate
16 20 x 41 0.51 x 1.04 14,670 6.66 2-in. (51-mm) plate
17 25 x 27 0.64 x 0.69 12,000 5.44 8-in. (203-mm) rounds (pipe)
18 25 x 27 0.64 x 0.69 12,000 5.44 8-in. (203-mm) rounds (pipe)
19 25 x 27 0.64 x 0.69 12,000 5.44 8-in. (203-mm) rounds (pipe)
20 25 x 27 0.64 x 0.69 12,000 5.44 3 3/4-in. (95-mm) rounds (pipe)
21 25 x 27 0.64 x 0.69 12,000 5.44 4 1/2-in.-diam (1l4-mm) bar
22 25 x 27 0.64 x 0.69 12,000 5.44 4 1/2-in.-diam (1l4-mm) bar
23 25 x 27 0.64 x 0.69 12,000 5.44 l-in.-diam (25-mm) bar
24 25 x 27 0.64 x 0.69 12,000 5.44 2- and 2 1/2-in.~-diam (51- and 64-mm) bar
25 25 x 27 0.64 x 0.69 12,000 5.44 2-in.-diam (51-mm) bar
26 25 x 27 0.64 x 0,69 12,000 5.44 1- and 2-in.-diam (25- and 51-mm) bar
27 25 x 27 0.64 x 0.69 12,000 5.44 3 1/4-in.-difam (83-mm) rounds (pipe)
28 25 x 27 0.64 x 0.69 12,000 5.44 24 x 15-in. (610 x 380-mm) blooms - spare
29 25 x 27 0.64 x 0,69 12,000 5.44 24 % 15-in. (610 x 380-mm) blooms - spare
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Table 5.13. Listing of Ttems in Relation to Identification and I
Traceability for Type 316 Stainless Steel Reference Heat
Forms Identified by Aircraft Identity System I
Form Dimension, in.? Aircraft Identity of Forms
Plate 1/2 2AB, 2AC, 2CA, 2CB I
5/8 2BA, 2BB, 2BC, 2CC, 3AA, 3AB, 3AC, 3BA, 3BB, 3BC,
3cA, 3CB, 3CC I
1 9A, 9B, 9C, 10A, 10B, 10C, 11A, 11B, 11C, 13A, 13B,
13c, 13D, 13E, 13F, 14B, 14C, 14D, 14E, 14F
2 9D, 9E, 10D, 10E, 11D, 11E, 12A, 12B, 12C, 12D, l4A, I
15A, 15B, 15C, 15D, 16B, 16C, 16D
Rounds 8 8 1A, 1B, 1c, 1D, 17A, 17B, 17C, 17D, 18A, 18B, 18C,
(for 18D, 19A, 19B, 19C, 19D I
pipe) 41/2 4 21AA, 21AB, 21BA, 21BB, 21CA, 21CB, 21DA, 21DB
3 3/4 2 1/2 20AA, 20AB, 20AC, 20BA, 20BB, 20BC
31/4 2 27AA, 27AB, 27BA, 27BB I
Forging® 24 x 24 4A, 4B, 5A, SB
Bar Identification Sheet Identification
Diameter A]isiclzi':;t Bar Thickness Sequential Identification I
(in.) Identity Identities (in.) Relative to Top of Ingot 8
1 26AAA 1 0.125 2, 9, 10, 11, 12, 14, 15 I
26ABA 2 16, 17, 18, 19, 20
26BAA 3
2 24CAA 19 0.060 3867, 6988 I
24CBA 10-14
25AAA 2024
25ABA 3034
25BAA 4044 I
25BBA 50—54
25CAA 6064
25CBA 7074
26CBA 8084
2 1/2 24AAA 1-9
24ABA 10-14
24BAA 2024 I
24BBA 30-34
2] in. = 25.4 mm. Dimensions are thickness for plate, diameter followed
by subsequent pipe diameter for rounds.
bEach pipe per size will be numbered sequentially relative to the round
from which it is produced. Pipe diameter follows round diameter.
®Two additional pieces are to be produced from ingot 7. I
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Summary of Republic Steel Corporation Chemical Check

Analyses and Mechanical Properties Results for the Product
Forms Produced from Type 316 Stainless Steel Reference Heat

Value for Each Product Form

Property
Plate (6 lots) Sheet (2 lots) Bar (4 lots) Rounds (3 lots) Forgings (4 lots)
Content,
wt Z
Cc 0.059-0.065 0.058-0.060 0.060-0.063 0.060—0.068 0.063-0.065
Mn 1.82-1.88 1.82-1.86 1.84-1.86 1.84—1.86 1.82-1.84
P 0.022-0.024 0.023 0.023-0.024 0.020-0.023 0.022-0.034
S 0.018-0.020 0.018-0.019 0.0180.019 0.018-0.019 0.017-0.019
Si 0.57-0.62 0.58-0.60 0.57-0.59 0.56—0.60 0.57-0.58
Cu 0.08-0.10 0.08-0.10 0.09-0.10 0.08-0.09 0.080.10
Ni 13.30-13.40 13.35-13.50 13.3513.70 13.40-13.45 13.40-13.60
Cr 16.40-17.30 17.05-17.35 17.10-17.15 17.05-17.19 17.00—17.30
Mo 2.29-2.34 2.332.34 2.346-2.35 2.33-2.36 2.34—2.35
Ti 0.00 0.000.01 0.00-0.01 0.00-0.02 0.00
Co 0.01-0.02 0.02 0.01-0.02 0.01—0.02 0.02
N 0.031-0.034 0.0320.035 0.029-0.032 0.030-0.032 0.030-0.032
B 0.0005—0.0006 0.0004—0.0006 0.0005—0.0006 0.0005—0.0006 0.0005
Strength, ksi
Yield 35.0—46.0 48.749.1 31.2-33.6 32.0-32.9 34.0-37.5
Ultimate
tensile 77.5-82.0 85.0-86.5 78.0-79.2 77.5-80.2 70.0-73.5
Strength, MPa
Yield 241-317 336339 215232 221227 234259
Ultimate
tensile 534565 586—596 538546 534—553 483507
Elongation
) 50.0-56.0 46.0-50.0 56.0-60.0 54.0—70.0 51.5-58.0
Reduction
of Area
) 66.5-72.5 75.0-77.8 75.5-82.0 62.0-72.5
Hardness,
Brinell 131143 156-160 131-137 143156 131137

2 + Ta not detected: 0.00%.
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5.2.5 Structural Materials Information Center — M. K. Booker

The computerized system for management of mechanical properties

1% Figure 5.34 is a simplified diagram of

data has been described earlier.
the projected flow of information within the system. This system
continues to expand and develop in an effort to make it increasingly

flexible and useful in the study of mechanical properties.

ORNL-DWG 74-5706

STORAGE OF MECHANICAL EXPERIMENTAL
PROPERTIES DATA COMPARISONS
1. TENSILE
2. CREEP

3. RELAXATION

DATA STORAGE

RETRIEVAL
SYSTEM
(DSRS)

4. IMPACT

5. SLOW BEND GENERATION OF

6. FATIGUE MECHANICAL PROPERTY
7. CRACK GROWTH CORRELATIONS

]

l COMPUTERIZED REFERENCE AND

STRUCTURAL NUCLEAR STORAGE OF COMPUTATIONAL
MATERIALS SYSTEMS HANDBOOK USE BY ORNL
INFORMATION e INFORMATION

SITES

CENTER MATERIALS

(sMIC) HANDBOOK COMPUTATIONAL
CAPABILITIES

DIRECT DESIGNER
ACCESS TO
INFORMAT ION

Fig. 5.34. Simplified Diagram of the Flow of Mechanical Properties
Data in the ORNL Computerized Data Management System.

The Data Storage and Retrieval System (DSRS) now contains the results
of 1690 tests, including tensile, creep, impact, slow-bend, and relaxation
tests, all conducted at ORNL., Plans are under way to begin input of
fatigue and crack-growth test results in the near future. The input of
data from sources outside ORNL is also presently being studied. However,
extensive efforts must be made to assure uniformity and standardization
of information in DSRS. Thus, when a user retrieves information from
the system, he can be sure that he knows what he is getting. To this
end, the thesaurus of terms used to identify data in DSRS has been re-
written to ensure clarity and completeness in the definitions of the
identifiers. Also, a manual on standard methods of measurement of DSRS
identifiers is being prepared, along with a new, comprehensive user's
guide.

DSRS provides for fast, efficient retrieval of data; it does not
perform calculations. However, the data stored in the system may be
accessed by other programs, which can in turn perform calculations

and other manipulations.
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For example, a plotting program has been developed to output graphical
representations of data stored in DSRS. Using this program one may plot
any numerical field contained in DSRS against any other numerical field
contained in the system, for any subset of the stored tests. Linear,
semilog, and log-log plots are possible. Examples of plots produced by
this program are shown in Figs. 5.35 and 5.36. Currently, plots are
produced through the CALCOMP plotter in the ORNL Computing Center, but
capacity to produce plots quickly and easily by in-shop facilities is
expected soon.

Another feature that will greatly increase the power and flexibility
of DSRS is the automatic data acquisition system. A PDP-8/E computer
has been acquired for taking creep data by computer, thus allowing more
points to be read with greater accuracy. The computer is being fitted
with peripheral devices, and the data acquisition system should be in
operation soon.

Work is continuing on development of the Structural Materials
Information Center (SMIC). The demonstration version of the computer
program for SMIC, HANDBK,1l* has been tested and modified where necessary.
The computer program that will operate SMIC in its final form is currently
being developed. As a first step, a new main program has been written
to allow the system to operate in overlay, bringing portions of the
program into core from peripheral devices only as needed, providing much
more efficient use of core space than the current program.

When complete, SMIC will contain a complete on-line version of the
Nuclear Systems Materials Handbook. The user will be able to access
any of the handbook information quickly and easily, receiving output in
various forms. Forms under consideration include tabular, graphical,
curve fits, etc. In addition, a wide range of computational subroutines
will be available to allow the user to use handbook information in calcu-
lations. Increased access flexibility will make it possible to ask
questions of the system in a variety of ways, allowing the user to get
the information he needs rapidly. The program will guide the user
throughout, requiring a minimum of skill and labor on his part.
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Moreover, accurate, timely computer updating will ensure that SMIC infor-
mation is current, eliminating much of the confusion and possible error

involved in updating the looseleaf version of the handbook.

5.2.6 Elastic Properties of Engineering Structural Materials —
J. P. Hammond

Elastic constants are the proportionality constants in equations
relating stress to strain under specified conditions. Precise measure-
ments show that for metals the elastic stress-strain relationships are
not perfectly linear, even at very low strain levels, and become progres-
sively more nonlinear as strain increases. With increasing maximum
strain, measurements reveal evidence of incipient plastic behavior, with
strain a function of instantaneous stress, time, temperature, and prior
strain history. As a consequence, discrepancies often occur between
elastic constants determined at different strain levels and rates of
strain and between constants established by dynamic and static means.

The purpose of this program is to correlate the two separate cate-
gories of elastic constants (dynamic and static) for reactor materials
of interest, giving specific attention to the significant test variables.
In addition to elastic constants (Young's modulus, E; shear modulus, G;
and Poisson's ratio, V), elastic and proportional limits (E.L. and P.L.)
will be determined. This information is needed to enable more exact
and enlightened use of this class of information in engineering design

and structural verification work.

5.2.6.1 Program Plan

A diagram scheduling the dynamic and static property phases of this
program through the calendar year 1975 is shown in Fig. 5.37. The dynamic
moduli and Poisson's ratio will be determined by ultrasonic methods using
total maximum strain levels and frequencies of about 0.003 pin./in.
(0.003 ym/m, pe) and 5 MHz, respectively. Room-temperature determinations
of these constants will be made on block samples by the highly accurate
contact pulse-echo method, whereas elevated-temperature values will be

determined by the thin-wire, magnetostrictive method, which enables



173

¥-124265

10/73-1/74 1/74-6/74 5/74-10/74 7/74-6/75
Specimen preparation Specimen preparation
DYNAMIC Equipment procurement Data acquisition and " . Dota acquisition and
interpretation Equipment improvement interpretation
T
E,G,y i 30455 E, G,v 304 SS ! (same)
{24 Cr-l Mo 2% Cr-1 Mo ‘
| 308 weld :
- Inc 718
( Correlation 7’;% weld
: Hast. N :
i
5/74-12/74 11/74-4/75 5/74~6/75 12/74-12/75 |
Specimen preparation Specimen preparation I
STATIC Equipment and strain- D(.“: uch's;.hon and Strain guage D?h OCqUiSi.ﬁon and
guage procurement interpretation procurement interpretation

E,G,v 304 SS
PL, EL 2% Cr=1 Mo

| EGEND:
E = Young's Modulus
G = Shear Modulus

v = Poisson’s ratio

(same)

PL = proportiona! limit
EL = elastic limit

E,G,v 316 SS

PL, EL 308 weld
Inc 800H
inc 718
718 weld
Inc 617
Hast. N

(same)

Fig. 5.37. Schedule of Elastic Properties Study Tasks.

remote operation of the transducer.

be nor