




ORNL-5200

Distribution

Category UC-79b, -h, -k

Contract No. W-7405-eng-26

METALS AND CERAMICS DIVISION

MECHANICAL PROPERTIES TEST DATA FOR STRUCTURAL MATERIALS QUARTERLY
PROGRESS REPORT FOR PERIOD ENDING JULY 31, 1976

Aerojet Nuclear Company

Argonne National Laboratory

Oak Ridge National Laboratory

Naval Research Laboratory

Hanford Engineering Development Laboratory

Westinghouse Advanced Reactors Division

University of Cincinnati

University of California at Los Angeles

General Electric Company

Compiled by M. R. Hill

SEPTEMBER 1976

OAK RIDGE NATIONAL LABORATORY

Oak Ridge, Tennessee 37830
operated by

UNION CARBIDE CORPORATION

for the

ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION



FOREWORD

This is the twelfth 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 Development and Demonstration and the Nuclear

Research and Applications Divisions of the Energy Research and

Development Administration.

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 test and material index is 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;

ORNL-4963, period ending April 30, 1974; ORNL-4998, period ending

July 31, 1974; ORNL-5103, period ending October 31, 1974; ORNL-5104,

period ending January 31, 1975; ORNL-5105, period ending April 30, 1975;

ORNL-5106, period ending July 31, 1975; ORNL-5107, period ending

October 31, 1975; ORNL-5112, period ending January 31, 1976; and

ORNL-5150 for period ending April 30, 1976. The next quarterly report

will be for the period ending October 31, 1976, and contributions are

due at ORNL by November 15, 1976.

W. R. Martin

Metals and Ceramics Division

Oak Ridge National Laboratory
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hold time on fatigue life can be taken into account. Finally, a com
parison of the creep-fatigue damage using the frequency-modified approach
and the recently developed damage-rate approach is made to show the im
portance of wave-shape effects on low-cycle fatigue life.

A modified version of a Voce-type equation to describe both the
initial cyclic-hardening behavior and the attainment of cyclic-saturation
state is presented. The application of the proposed equation is demon
strated by considering the cyclic-hardening data generated at ANL for
Type 304 stainless steel at 1100°F (593°C).

3. OAK RIDGE NATIONAL LABORATORY

Creep and creep rupture testing of type 304 stainless steel reference
heat (9T2796) is continuing. The creep curve and microstructural
observations are presented for a specimen that ruptured after 30,763 hr.

Three-dimensional plots of total elongation and reduction of area
as functions of log strain rate and test temperature have been presented
for high-strain-rate tensile, ordinary tensile, and creep data of type 304
stainless steel. An elevated-temperature tensile ductility minimum was
confirmed for types 304 and 316 stainless steel. Conditions affecting
this minimum have been presented.

Tensile properties of various products of the reference heat (8092297)
of type 316 stainless steel are reported. Room-temperature tensile curves
(<0.04 strain) were compared with the ORNL tensile model. A table
indicates the status of creep tests on 16-mm (5/8-in.) plate of the
reference heat of type 316 stainless steel.

Generalized models of time to rupture and minimum creep rate as
functions of stress, temperature, and elevated-temperature ultimate
tensile strength are described. Several comparisons with the data have
been made to show that ultimate tensile strength models can describe the
behavior of an individual heat and also the average, maximum, and minimum
behavior of several heats of type 304 stainless steel.

The creep strain behavior of type 304 stainless steel was analyzed
with an equation giving creep strain as a function of stress, temperature,
and elapsed time. The basic strain-time equation form used was the
simple rational polynomial. Results obtained include the creep equation
itself, plus mathematical models for rupture life and time to tertiary
creep. All models include analytical predictions of heat-to-heat
variations as reflected by the ultimate tensile strength of a given heat
of material.

Development and expansion of a computerized Mechanical Properties
Data Storage and Retrieval System (DSRS) are continuing. Capabilities for
handling subcritical crack growth data have been added and input has
begun. The results from over 8000 tests are now stored in the system
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The dynamic elastic constants (E, G, and v) were established for
solution-annealed Hastelloy X from room temperature to 1038°C (1900°F).
Cubic polynomials are presented for the individual constants, and estimates
of the properties at 28°C (50°F) increments are tabulated. The effects of
heat-to-heat variations and metal condition (mill annealed vs reannealed)
on the dynamic constants of type 304 stainless steel were established.
Also the extent of anisotropy of elastic constants in 25-mm (1-in.) plates
of reannealed type 304 stainless steel (heat 9T2796) and isothermally
annealed 2 1/4 Cr-1 Mo steel (heat 20017) are reported. The heat-to-heat
effects and directionality of elastic constants within plates are
rationalized.

The creep behavior of a submerged-arc type 308 stainless steel weld
in three conditions has been determined at 649°C for rupture times from
about 100 to 1000 hr, for both longitudinal and transverse specimen
orientations. Weld metal annealed at 982°C (1800°F) for 4 hr has greater
ductility than weld metal annealed 4 hr at 607°C (1125°F) or in the as-
deposited condition. Prestraining less than 1% in creep for 500 hr at a
lower stress severely reduces the ductility of specimens in subsequent
testing to failure at a stress producing rupture in about 100 hr. Data
from creep testing of a type 16-8-2 stainless steel submerged-arc weld
are updated.

Previously obtained anisotropic elastic constants of a type 308
stainless steel electroslag weld have been used in a finite element program
to demonstrate the mechanical response of a pipe with a circumferential
weld. The limited results show that the anisotropic properties and the
orientation of the anisotropy significantly affect the distribution of
strain and stress in the vicinity of the weld.

The tertiary creep behavior of annealed 2 1/4 Cr-1 Mo steel was
studied at 545, 510, and 566°C (850, 950, and 1050°F). Many of the creep-
rupture tests showed nonclassical creep curves with two steady-state stages.
Using the values to the end of the second steady-state stage to determine
the time to the onset of tertiary creep led to a consistent relationship
with the rupture life.

Results are summarized for a report issued on the studies showing
the effect of heat treatment on annealed 2 1/4 Cr-1 Mo steel.

We began tensile studies on a 2 1/4 Cr-1 Mo steel tubesheet forging
manufactured by current industrial practices. We tested the material as
received and laboratory annealed. Tensile tests and metallography on the
as-received material indicate nonuniformity in strength and microstructure
through the thickness of the forging.

Exposure of 2 1/4 Cr-1 Mo steel to sodium in an LMFBR steam generator
can decarburize it and degrade its strength. We have obtained from MSA
Corporation some tensile specimens that had been exposed to sodium in a
stainless steel retort for 26,500 hr at 566°C (1050°F). This material,
along with similar material that had been thermally aged for the same time,
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is being creep-rupture tested. This quarter we conducted tensile tests on
the sodium-exposed specimens. The results verified the MSA results, which
indicate a large drop in tensile properties after decarburization and
aging.

Estimated cyclic stress-strain and relaxation behavior for fatigue
involving long hold periods at peak strain for 2 1/4 Cr-1 Mo steel have
been used to estimate possible damaging effects of creep-fatigue interac
tion. In addition, the strain range partitioning technique has been used
to estimate possible "worst effects" creep-fatigue curves.

Available creep fatigue data for 2 1/4 Cr-1 Mo steel were analyzed
by the methods of strain range partitioning and linear summation of damage.
Even if modified to reflect the increased damage due to compression rather
than tension hold periods, the linear summation approach does not fit the
data well. On the other hand, the strain range partitioning approach
yields very good results.

From comparisons with limited experimental data for a single heat
of isothermally annealed, air-melted plate material of 2 1/4 Cr-1 Mo steel,
it appears that isothermal, uniaxial relaxation behavior can be estimated
from creep behavior using the hypothesis of strain hardening. Reasonable
predictions were obtained by use of strain hardening in conjunction with
the creep equation for this material, although this approach tended to
overestimate the amount of relaxation at lower temperatures (< about 538°C)
and higher stresses (> yield strength).

Our studies on the mechanical properties of transition joint materials
continued. Creep-rupture curves and stress as a function of minimum creep
rate curves are presented for tests at 454, 510, and 566°C (850, 950, and
1050°F). Creep-rupture tests were started at 621 and 677°C (1150 and
1250°F).

Continuous cycling and creep-fatigue tests on Inconel 82 weld metal
have recently begun. Results of tests employing sound (defect-free)
specimens indicated that the continuous cycling fatigue behavior of
Inconel 82 at 538°C (1000°F) is similar to that of 2 1/4 Cr-1 Mo steel
and type 316 stainless steel at the higher strain ranges (>0.5%); however,
the cyclic life for Inconel 82 was superior to that for either of the
other two transition weld joint materials at the lower strain ranges
(<0.5%). Tests using specimens with flaws showed an 80 to 90% decrease
in fatigue life at 538°C (1000°F). Several tests conducted with 0.1-hr
strain hold periods each cycle at peak tensile or compressive strain
amplitudes indicated an increasing reduction in fatigue life with decreasing
strain range.

Results from a metallurgical evaluation of creep-tested specimens of
type 304 stainless steel (heat 9T2796) are discussed. Diagrams showing
the influence of stress on the kinetics of the M23C6 precipitation are
presented. Tensile, strain cycling, creep, and relaxation test results
on the reference heat of type 316 stainless steel (heat 8092297) are
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described. The creep behavior of materials used to fabricate the third
thermal transient test specimen are described. The ability of several
creep laws to describe the material response is also discussed.

Results of uniaxial and multiaxial creep tests at Babcock and Wilcox

Company on type 304 stainless steel at 593°C (1100°F) are updated. Tests
still under way include a uniaxial test at 33,600 hr and multiaxial tests
up to 3500 hr.

Data from three creep tests of 2 1/4 Cr-1 Mo steel in simulated HTGR
helium are reported. The attack by impurities in helium increased with
time of exposure. Data from three creep tests of Hastelloy X (two in
helium, one in air) are also presented. In helium the elongation at rupture
of Hastelloy X decreased with increasing stress.

The method of strain range partitioning for predicting fatigue-life
relations for complex cycles at temperatures within the creep range are
discussed. Data from fully reversed strain tests at constant strain rate
in which stress hold periods are introduced during the tensile and/or
compressive halves of each cycle are presented.

The fatigue crack growth behavior of 2 1/4 Cr-1 Mo steel is discussed.
In tests at 593°C in air, the crack growth rate was inversely related to
frequency, as expected. The difference in crack growth rate behavior of
wedge-opening-load and compact tension specimens has been resolved as a
size effect problem. Slightly lower crack growth rates have been found
in steam, helium, and vacuum compared with air.

4. NAVAL RESEARCH LABORATORY

The influence of thermal aging on fatigue crack propagation
behavior during hold time testing was evaluated for solution annealed
type 304 stainless steel at 1100°F (593°C). The results show that
thermal aging suppressed the increased crack propagation rate in unaged
material with increased hold time. Comparison of the data for two heats
of Types 304 showed that the inclusion of 1 minute hold times and/or
thermal aging prior to testing reduced the effects of composition such
that nearly equivalent crack propagation rates were produced in all
except the unaged continuous cycle tests.

Crack growth behavior of Alloy 718 under static, cyclic, and com
bined loads was studied at 538, 649, and 760°C (1000, 1200, and 1400°F).
For the combined loads, periods of static load of 0.1, 1, or 10 minutes
were imposed at the tensile peak of the cyclic load and these produced
an increase in rate of crack growth (da/dN) at 538 and 649°C but not at
760°C. The enhanced crack growth rate is attributed to interaction be
tween creep and fatigue processes. At 760°C, increased plastic flow
retards the crack growth process.
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5. HANFORD ENGINEERING DEVELOPMENT LABORATORY

Creep-rupture properties of unirradiated Inconel 600 were determined
over the temperature range from 811 K (1000°F) to 1033 K (1400°F) for
rupture times to 3000 hours. Time to rupture, time to onset of tertiary
creep, minimum creep rate, and various strain and ductility quantities
were described analytically for later comparison with postirradiation
test results.

The effect of temperature upon the fatigue-crack propagation behavior
of several low-alloy pressure vessel steels and weldments was studied in
an air environment over the range 75°-1000°F) 24°-538°C). In general,
at a given value of AK, fatigue-crack growth rates increased with in
creasing test temperature. Also, the crack growth behavior of base metal
specimens and weldment specimens was similar.

The room temperature and elevated temperature ductile fracture tough
ness behavior of two nickel-base alloys, Inconel 718 (INEL heat treatment)
and Inconel X-750 (double aging heat treatment), have been evaluated by
the multi-specimen R-curve technique. JIc for Inconel 718, 727 in-lb/in2,
was found to be superior to that of Inconel-750, 544 in-lb/in2, at room
temperature. At 800°F, however, the value of JIc for Inconel 718
decreased to 555 in-lb/in2, whereas JIc for Inconel X-750, 563 in-lb/in2,
was consistent with that obtained at room temperature.

6. WESTINGHOUSE ADVANCED REACTORS DIVISION

Measurements of photographs of Model E2, a Type 304SS plate speci
men in bending and tension, indicate that the overall extensometer indi
cates about 50% higher deflection because of bending of the comparison
rods which extend from the gage section to outside the furnace. This
necessitated a reanalysis of the test data which resulted in a new graph.
Testing of other Type 304SS specimens was continued. Testing of Type
316SS notched bars was initiated.

Creep-rupture tests of Type 316 stainless steel in sodium at 593°C
(1100°F) and 275.9 MPa (40.0 ksi) show that the rupture life and duct
ility are significantly increased by factors of two and three respec
tively, when the material is sodium pre-exposed at 593°C for 2000 and
5000 hours. The portion of the difference resulting from the sodium
pre-exposure and that attributable to time-at-temperature (aging) is
not yet known.

Low-cycle fatigue tests of Type 316 stainless steel in sodium at
593°C below a strain range of 1% indicate that the fatigue life is
decreased somewhat as a result of sodium pre-exposure at 593°C for
2000 and 5000 hours. At strain ranges of 1% and 2%, essentially the
same fatigue life was obtained for the material in the as-received
or sodium pre-exposed condition. In addition, the fatigue curve
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describing the in-sodium results at 1% and 2% is essentially the same
as that reported for tests performed in air (literature data).

Low-cycle fatigue results for Inconel 718 performed in air at
593°C after aging at 538°C for 2000 hours, are the same as those obtained
for as-fabricated material, or show a possible increase in fatigue life.
The same can be said for tests in sodium at 538°C after sodium pre-exposure
at 538°C for 2000 hours. In other words, thermal aging and tested in
air or sodium pre-exposure and tested in sodium, for the conditions
investigated, does not decrease the fatigue life of Inconel 718 at 538°C.

7. UNIVERSITIES

UNIVERSITY OF CINCINNATI

Creep-rupture tests were performed on AISI 330 stainless steel at
701°C with an applied stress of 20,000, 30,000 35,000, and 40,000 psi,
respectively. The minimum creep rate varied from 0.60 to 83.7% hr, and
the rupture life ranged from 33.65 to 0.25 hours with the increasing
applied stress. A limited amount of TEM observation has been performed
on two of the rupture specimens: cells and subgrains were observed in
the specimens tested at 40,000 psi and 20,000 psi, respectively.

An experimental plan has been set up to study the substructural
developments of AISI 330 SS during creep tests. The creep tests will be
interrupted at various levels of creep strain, and the substructures

will be examined by TEM. The aim of this experiment is to study the
mechanisms of subgrain/cell formation.

Based on the hot-hardness data of AISI 330 SS, the apparent activation

energies for indentation hardness and the activation energy for creep
were calculated. As with other metals, the apparent activation energy
for indentation hardness of this material (7,940 cal/mole) is an order
of magnitude lower than the activation energy for creep (93,400 cal/mole).

Hot-hardness tests were performed on four heats of 2 1/4 Cr-1 Mo
steel containing various amounts of carbon, and the results were compared
with the tensile strength at six temperatures from room temperature to
565°C. The correlation is excellent for the high carbon and the
commercial steels and good or fair for the medium and low carbon steels.

A controlled-atmosphere, direct-loading creep testing machine has
been constructed for the grain boundary sliding experiments. A pre
liminary result obtained from AISI 304 stainless steel tested at 750°C
with an applied stress of 9,000 psi is in agreement with the data which
has been reported in the literature. More detailed experiments are
being planned.

J
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UNIVERSITY OF CALIFORNIA, LOS ANGELES

Crack growth rates under sustained load conditions have been
evaluated for Type 304 SS at 750°C in both inert and carburizing
atmospheres. It was found that both stress intensity factor and net
section stress can be employed in correlating the crack growth rates
and that carbonization has a significant retarding effect on crack growth.

It is shown that prestraining leads to creep strength improvement
of the Type 304 SS only at the low stresses where slow recovery and
abundant carbide precipitation are the major factors contributing to
creep resistance. The transient creep parameters e and r in the creep
equation t

£ = £+£+£ (1- e~rt)
O St t

and the initial creep rate generally decrease with increasing prestrain.

Characteristics of strain bursts during creep of 2 1/4 Cr-1 Mo steels
were evaluated as a function of carbon content and prior heat treatment
conditions. Reduction of transient creep strain, steady state creep
rate and creep-rupture life were found to correlate with strain bursts.

8. GENERAL ELECTRIC COMPANY

Programs designed to study the effects of high temperature sodium
environments on the mechanical properties of stainless steels and 2%Cr-lMo
are continuing. The results of a program evaluating the effect of heat
treatment and melting practice on the mechanical behavior of 2%Cr-lMo are
also reported.

Fatigue crack propagation rates of Type 316 stainless steel are
being determined at 510°C (950°F) in air and in carburizing sodium.
Preliminary results for annealed base material are reported for both
environments. GTA weld specimens are currently being pre-exposed prior
to testing. The first series of tests in sodium with hold times are
reported.

Fracture toughness properties of 2%Cr-lMo steel are being determined
through the use of J-Integral test methods. Room temperature test
results for base material in several conditions are reported, along with
Charpy, drop-weight, and tensile characterizations. The fracture tough
ness of 2%Cr-lMo is considerably above the ASME Code KT curve at room
temperature, but falls below it at higher temperatures. The toughness of
2%Cr-lMo SMAW weld metal is similar to that of the base metal; however*
the HAZ toughness is much lower.
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Characterization of VAR and ESR heats of 2%Cr-lMo Steel is continuing.
Results of tensile tests, drop-weight tests, Charpy V-notch tests, creep-
rupture tests, chemical analyses and microinclusion counts are reported
for two additional heats having a variety of heat treatments. Based on
the two ESR and three VAR heats characterized to date, the effect of remelting
on the tensile and creep properties is small; however, the effect of
primary heat treatment and post weld heat treatment is substantial in
some cases. Remelting generally improves the fracture toughness properties
of this alloy for the heat treatments considered.

The short term creep behavior (tr < 1000 hrs.) of decarburized 2%Cr-lMo
in sodium is found to be only slightly dependent on carbon content for
the range of bulk carbon 0.03-0.10%. If decarburized below 0.03% the
strength decreases rapidly. The carburized case of Type 316SS as deter
mined metallographically is found to be about 2/3 that determined by fracture
mode transition studies. Creep of 316SS in carburizing sodium differs
from that in air as the carburized case cracks during creep causing a
perturbation in the sample geometry . These perturbations have been found
not to influence the point of plastic instability under hot tensile conditions,

J



1. AEROJET NUCLEAR COMPANY

D. D. KEISER

1.1 INTRODUCTION

Aerojet Nuclear Company is conducting mechanical properties

investigations under a program sponsored by ERDA Division of Reactor

Development and Demonstration. Program IA-009, Alloy 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 involves

selected structural components of the Clinch River Breeder Reactor

Project (CRBRP) where it is necessary to supply design data and to

generate design allowables for ASME Code Case approval for high tempera

ture use. Other reactor service applications which require high levels

of mechanical properties at temperatures up to 922K (1200°F) are also
expected to make use of this material.

To provide an adequate data base for the CRBPR additional data has

to be generated to complement existing data in the literature. All

current tests are being conducted on material given the conventional

1227K (1750°F) heat treatment*. The additional data required will include:
(1) tensile properties from room temperature to 1033K (1400°F), (2) physi
cal properties from room temperature to 977K (1300°F) to include density,
thermal expansion, heat capacity, and thermal conductivity, (3) creep-

rupture properties between 811K (1000°F) and 1033K (1400°F), (4) low
cycle fatigue (to 10 cycles) from room temperature to 977K (1300°F),
(5) high cycle fatigue (to 10 cycles) from room temperature to 977K

(1300°F), (6) relaxation properties at 922K (1200°F), and (7) long term
aging effects from 866K (1100°F) to 1033K (1400°F) at times up to 30,000
hours.

* Conventional 1227K (1750°F) heat treatment: 1227K (1750°F) solution
anneal 1 h, air cool, duplex age at 991K (1325°F) for 8 h, FC to 894K
(1150°F) and age an additional 8 h.



1.2 MECHANICAL PROPERTY PROGRAM OF ALLOY 718

G. E. Korth and G. R. Smolik

1.2.1 Creep-Rupture Tests

Test specimens were prepared from 12.7mm (1/2 inch) plate and tested

in air at 922K (1200°F), 977K (1300°F), and 1033K (1400°F). These spec
imens were cut from the plate such that the material was loaded in a

direction parallel to the major rolling direction. The test results are

tabulated in Table 1.1 and compared in Figure 1.1 with data from Barker,

et al1. At 1033K (1400°F), which is 139K (250°F) higher than the lowest
aging temperature, the stress-rupture properties are markedly degraded.
Stresses as low as 172.4 MPa (25 ksi) yield rupture lives of less than

500 hours.

1.2.2 Low Cycle Fatigue Tests

Hourglass test specimens were fabricated from 12.7mm (1/2 inch)

plate and tested in strain control at 700K (800°F) at a strain rate of
4 x 10 s. The tests were conducted in air with a ramp waveform and

stress ratio of A=°°. Current test results are listed in Table 1.2 and

plotted in Figure 1.2. A few more tests will be conducted to better

define the 700K (800°F) curve. This curve will then be used as base
line data to investigate high cycle (105 to 109 cycles) behavior, notched
behavior and mean stress effects at this same test temperature.

1.2.3 Creep-fatigue Interaction Tests

An investigation has been initiated to determine which type of

strain controlled loading is the most damaging to Alloy 718. Previous

tests2 conducted on two different heats of Alloy 718 plate material

indicated that at 922K (1200°F) compression hold times were more detrimen
tal than tensile hold times and the material was quite sensitive to strain

effects. This study was undertaken to expand on those results. Tests

are being conducted at 922K (1200°F) with tensile hold times, compressive
hold times, tensile and compressive hold times, and reduced strain rates.

In each case, the time to complete one cycle is constant. The strain



Table 1.1 Creep-Rupture Properties of Alloy 718 Plate Material'

Test Onset of

Specimen Stress Temperature Elong in Reduction Min. (>eep Tertiary Time to

No. MPa (ksi) K (F) 50 .8mm,% In Area,% Rate, h-1 Creep, h

205

Rupture, h

452.9617-4 655 (95.0) 922 ,1200) 6.7 22.8 1.4 x io-4
617-6 381 (55.2) 977 ,1300) 8.3 31.3 5.8 x

-5
10 D 348 785.6

617-1 310 (45.0) 977 (,1300) 12.2 34.3 1.0 x 10 ° 637 1657.4

617-8 414 (59.9) 1033 (,1400) 12.1 34.7 2.0 x l<f* 1.6 4.5

617-7 379 (54.9) 1033 (1400) 11.5 16.7 4.0 x 10~3 5.2 18.3

617-9 310 (44.9) 1033 (1400) 19.3 25.9 — -- 60.6

617-10 276 (39.8) 1033 (L1400) 22.6 21.8 2.2 x IO"4 26 124.8

617-5 207 (29.7) 1033 (1400) 24.2 38.4 1.2 x IO"4 50 276.7

617-3 172 (24.8) 1033 (1400) 4-6.5 68.0 2.8 x IO"4 135 497.6

a Heat 2180-4-9478 12.7mm (1/2 inch) thick; heat treatment: 1227K (1750°F) solutional anneal
1 h, AC, age 991K (1325°F) 8 h, FC to 894K (1150°F) and age an additional 8 h.
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Table 1.2 Strain Fatigue9 of Alloy 718 Plateb Given the 1227K (1750°F)
Conventional Heat Treatment

Specimen Aa @ Nf/2 Test Temp. Total Test

Number Aej-^% Aep,% MPa (ksi) Na 5f K (F). Time Hours

614-37 4.86 3.44 2288(331.8)
2175(315.5]

172 181 700 (800) 1.13

614-52 4.02 2.68 307 311 700 (800) 1.56

614-48 3.54 2.25 2135(309.6) 385 408 700 (800) 1.93

614-47 3.00 1.76 2133(309.3) 467 482 700 (800) 1.96

614-45 2.53 1.31 2007(291.1) 755 766 700 (800) 2.59

614-41 2.04 0.87 1958(289.0) 1,938 2,006 700 (800) 5.30

614-36 1.97 0.84 1934(280.6) 2,200 2,252 700 (800) 5.47

614-51 1.51 0.47 1868(270.9) 4,669 700 (800) 9.46

614-34 1.26 0.22 1788(262.8) 9,095 9,433 700 (800) 16.17

614-39 1.20 0.18 1812(260.4) 20,241 20,506 700 (800) 33.06

614-42 1.02 0.13 1684(244.3) 23,259 700 (800) 31.43

614-35 1.00 0.06 1655(240.1) 36,863 36,923 700 (800) 51.76

614-50 0.83 0.03 1628(236.1) 25,606 700 (800) 28.32

614-38 0.73 0.007 1204(174.7) l,257,501c 700 (800) l,259.20c

b

c

Fully reversed push-pull tests with a triangle wave form and strain rate of
4 x IO"3 s"1.

Heat 2180-4-9478, 12.7mm {.h inch) thick.

Did not fail, test stopped intentionally.
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Figure 1.2 Strain Fatigue of Alloy 718 tested at 700K (800°F) at a strain rate of 4 x 10"3s.



rate between hold periods was 4 x 10 s. Tests completed to date

include a series at 2% total strain range with a 1.0 hour per cycle, and

another series at 1% total strain range with a 0.1 hour per cycle. Re

sults are tabulated in Table 1.3 and compared with a reference test

(continuous cycling at astrain rate of 4x10"3s_1). The tests show that
the reduced strain rate is the most damaging except for the combination

tension and compression hold time test at 1.0% strain range. The validity

of this particular test is somewhat questionable since an identical test,

except with twice the time on the hold periods, had a 1% longer cyclic

life. Except for the questionable test, the reduction factors compare

very well between the 2.0% strain range tests with 1.0 hour per cycle and
the 1.0% strain range tests with 0.1 hour per cycle. Further duplicate

tests and other strain range-cycle time combinations are currently

underway and will prove the validity of the results now available.

1.2.4 Mean Stress Effects on Fatigue

The effects of mean stress on the fatigue behavior of Alloy 718

are being investigated. Mean stress can result from any number of sources,

including forming operations in fabricating a component, welding stresses,
or static preloads due to service conditions. When the loading stresses

are totally elastic with a stress ratio A (= stress amplitude/mean stress,
S /S ) of infinity, ie. S =0, then the resulting stress-strain is repre-
a m m

sented by Figure 1.3a. However, when a tensile mean stress is present,
then the peak stress shifts upward by an amount equal to the mean stress,

S (Figure 1.3b). Even though the stress amplitude, S , remains the same,
m

the cyclic life is shortened due to the increased peak stress. If the
temperature is below the creep regime, the mean stress and strain would
be expected to remain constant. When service temperatures are high
enough for creep to be significant, the mean strain would be expected to
increase (ratchet) in a load controlled condition or the stress would
relax when the loading is strain controlled. These phenomena have been

demonstrated previously.3 When the cyclic loading is in the inelastic
range, the behavior would be expected to be similar to high temperature
elastic behavior (ratcheting and relaxation for load and strain controlled



Table 1.3 Creep-Fatigue Interaction Tests at 922K (1200°F)

Cycle Life

Specimen Aa a't Nf/2 Loading Cycles to Reduction

No. MPa (ksi)

2.0%

Mode9

Aet LO hr. Cycle

Fail, Nf

Time

Factor

614-21 1479.6 (214.6) Reference 606 1.00

614-31 1703.7 (247.1) 1.0 h T 290 0.48

614-29 1704.4 (247.2) 1.0 h C 254 0.42

614^26 1586.3 (230.1) 0.5 h T&C 268 0.44

614-28 1574.1 (228.3) 1.0 hr/cy,

Cont. Cycling0
186 0.31

1.0% Aet 0.1 hr. Cycle Time

614-32 1260.4 (182.8) Reference 5822 1.00

614-44 1315.5 (190.8) 0.1 h T 2833 0.49

614-5 1201.1 (174.2) 0.1 h C 2520 0.43

614-27 1204.5 (174.7) 0.05 h T&C 1331 0.23

614-33 1283.8 (186.2) 0.1 hr/cy,

Cont. Cycling0
1660 0.28

- T = tensile hold only, C = compressive hold only, T&C =

tensile and compressive hold.

- Reference test, continuous cycling at strain rate of 4 x

io-V1

- Continuous cycling at slow strain rate such that time to

complete a cycle is equal to tests with hold period.



(b)

Figure 1.3 Stress-strain representation of fatigue cycling when the
stresses are totally elastic without mean stress (a), and
with mean stress, S , (b).

(a) (b)

Figure 1.4 Hysteresis loop of strain controlled inelastic fatigue
without mean strain (a) and with mean strain (b) with the
same strain range, Ae^.
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loadings, respectively). An example of starting strain controlled

hysteresis loops is shown in Figure 1.4 for no mean strain (a) and with

mean tensile strain (b) when the strain range, Aet, is identical. After
the first quarter cycle of the mean strain test is completed, the

hysteresis loop becomes almost identical to the loop without mean strain,

and after a few more cycles, the tensile stress would be expected to

relax to a point where the mean strain would no longer be perceptible

at all except for the initial offset. The above reasoning is used to

justify ignoring mean stress effects in a strain controlled situation

when strains are inelastic and accounting for mean stress when the loads

are totally elastic. Using this reasoning Langer1* recommends the

Modified Goodman diagram (Figure 1.5) for correcting the stress amplitude

to account for mean stress in elastic fatigue cycling where:

S„ = endurance limit
e

S. = cyclic yield stress

S = ultimate stress

S ' = adjusted endurance stress

When the mean stress S , increases such that S + S = S. , then point

C on the diagram is reached and any further increase in S will result in

yielding and the mean stress will revert back to C which means that a mean

stress of C is the maximum possible. From the geometry of Figure 1.5,

the resulting adjustment of the endurance stress becomes:

e e

\ ~ Sb
S - S

l u a

[1J

For a finite number of cycles, S becomes stress amplitude, S , as

long as S < S., or,

S ' = S
^a ^a

Su"Sb
S - S

>- u a-

[2]

where S ' is the stress amplitude corrected for mean stress.
a

Therefore, according to Langer, the worst case should be when the

peak stress (S + S ) is just bumping the cyclic yield, S,. Using the

Modified Goodman approach and Sb = 1103 MPa (160 ksi), 0.2% yield



o

CO

Ld
Q
3

0_

<

CO
CO
Ld
cr
r-

CO

MEAN STRESS, Sm

Figure 1.5 Modified Goodman diagram for correcting stress amplitude due to mean stress.
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strength, Jaske5 has shown that with the mean stress correction, Alloy 718

is no better than 304 stainless steel in high cycle fatigue behavior.

This observation has a severe impact on Alloy 718 as a candidate material

for some critical applications in the CRBRP where resistance to high

cycle fatigue is required. Using 0.2% yield strength as S. is certainly

a conservative approach but a much more realistic approach, and not nearly

so severe, would be to equate S. to the proportional limit for the cyclic

yield since very little or no cyclic hardening or softening has been

observed in Alloy 718 at this laboratory as long as the stresses remain

elastic. In an effort to shed some light on the bleak picture of mean

stress effects on Alloy 718, a few scoping tests were conducted and

compared in a previous report3 with Jaske's mean curve5 compiled from a

number of tests from a number of sources. This comparison showed the

mean stress correction to be too severe. Since then, additional base

line data (S = 0) has been compiled and generated to compare with the

mean stress tests that are more compatible with respect to material heats,

specimen geometry, and method of conducting the tests. This data is

reported in Table 1.4 and plotted in Figure 1.6 with the stress amplitudes

reported as actual test values rather than conversions from strain values,

eE, as Jaske used. The analytical corrections from the Modified Goodman

approach are shown for S, = 965 MPa (140 ksi), the proportional limit,

and Sb =- 1103 MPa (160 ksi), the 0.2% yield strength. In the IO5 cycle
region where tests were run with peak stresses (S + S ) yery nearly

equal to the proportional limit, the stress amplitude reduction factor

was approximately 0.61 whereas the Modified Goodman diagram indicated

the reduction factor to be 0.43 when Sb = 0.2% yield and 0.65 when S, =
the proportional limit, Sp. Correlations were fairly close when S. was
chosen as the proportional limit. As the mean stress was reduced such

that the peak stress was less than the proportional limit, the mean

stress effect was naturally reduced. When (Sm +• Sa)/Sp was reduced
from 1.00 to 0.88, the S3 reduction factor was increased from 0.61 to

a

0.68 and to 0.77 when (Sm + Sa)/Sp was 0.84. Figure 1.7 shows the
peak stress/proportional limit vs stress amplitude reduction factor

relationship.
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Another model that has been proposed to correct for mean stresses

is known as the Peterson cubic equation6 and is described as:

7 Vs - a

Sa

a 8_ fi +|m-]^ [3]
•^uj

where the symbols are the same as identified previously. To put it in

the same format as the Modified Goodman correction equation [Eg. 2], it

should be written as:

,.Sa 8-[l +
S„o3
m

S... [h]
7

If the maximum mean stress is assumed to be equal to the propor

tional limit, then S + S = S as was reasoned with the Modified Goodman

approach, then corrected values, S ', can be calculated for this maximum

S . When this curve is added to Figure 1.6, it is seen to be non con

servative when compared to the test data. With the results obtained to

date, it appears that for Alloy 718, the Modified Goodman diagram approach

using S, equal to the proportional limit best represents the data. The

Peterson cubic equation appears too nonconservative for Alloy 718, although

it has been shown to be successful with AISI 4130 bolting material.7

Although the correction is not as severe as originally presented, the

mean stress effect on fatigue is significant and must be taken into

consideration when applying design criteria. On going tests will better

define this effect in the future.

1.2.5 Procurement of Alloy 718 Reference Heat

Procurement of an Alloy 718 reference heat for research and

development programs has been initiated. It is anticipated that

various product forms will be fabricated from a master charge of

materials melted by vacuum induction melt - electroslag remelt processes.

The list of products, which are to total approximately 6700Kg (148001b)

is shown in Table 1.5.
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Table 1.5 Forms, Sizes, and Quantities of Products from

Proposed Alloy 718 Reference Heat

Product

Sheet

Plate

Bar

Forging

Tubing

Weld Wire

Description or
Size, mm (in.)_

1.57 (0.062) thick

12.7

19.1

25.4 (1.00) thick
50.8 (2.00) thick

12.7 (0.50) dia.
19.1 (0.75) dia.
25.4 (1.00) dia.
50.8 (2.00) dia.
152.4 (6.00) dia.

Forging Stock
3 to 1 upset forgings
4 to 1 upset forgings
5 to 1 upset forgings
203 (8) truncated square forging

25.4 (1.0) O.D. x 0.34 (.13) wall
127(5) O.D. x 9.53 (.38) wall

3.18 (.125) dia. x 915 (36) length
1.14 (.045) dia. on spools

(0.50) thick
(0.75) thick

Quantity, Kg. (lb.)

90 (200)

545 (1200)
1540 (3400)
545 (1200)
910 (2000)

135 (300)
225 (500)
225 (500)
225 (500)
275 (600)

105 (230)
225 (500)
120 (265)
225 (500)
760 (1670)

135 (300)
320 (700)

45 (100)
45 (100)
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1.2.6 Design of Notched Fatigue Specimen

Influences of notch geometry upon high temperature fatigue behavior

are to be determined. The necessity for these determinations are implied

by the effects of notches upon stress rupture behavior of 304 stainless

steel reported by Manjoine8. Circumferentially notched specimens having

Kf 2l 4 increased rupture life of base and weld metal. Plates having a
central hole and K. ^ 2.7 showed notch softening and reductions in rupture

life. Influences of specimen sizes and geometries, stress distribution,

elastic stress concentration factors, and plasticity effects upon notched

fatigue as reviewed by Frost, et al9, also illustrate the need for these

evaluations.

Tentative plans are to test specimens having notches subjected to

high and low constraint. Proposed specimens are illustrated in Fig. 1.8.

A circumferential vee-notched specimen, Fig. 1.8(a), exhibiting biaxial

stresses at the notch and K. = 2.64 shall be chosen to represent a

specimen of high constraint. A plate with a central hole and K. = 2.64,

Fig. 1.8(b), shall be tested to establish behavior under conditions of

low constraint. Testing such a massive specimen at elevated temperatures

and high cycles would be costly. Other specimens, Fig. 18 (c &d) , will be

tested to determine if results similar to those generated from plate

specimens could be obtained. These specimens could then be used as an

alternative and allow greater testing flexibility.

The role of stress gradient at a notch is explained by Frost, et

al'. Grains subjected to lower stresses and located farther from the

notch provide support for highly stressed grains near the notch. More

support is provided with higher stress gradients and notched fatigue

limits are correspondingly improved. Stress gradients at notches were,

therefore, used as a basis for selecting specimens of high and low

constraint in Fig. 1.8.

Elastic stress concentration factors, Kt, shown in Fig. 1.8 are
those presented by Peterson10 and are based upon the net cross-sectional

areas at reduced sections. Stress gradients at the notches, S, were

determined by the information presented by Seely and Smith.11 The stress
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gradients have been represented by the general relationship:

s =£ Ktao
where C = constant dependent upon configuration, p = radius of notch,

and a = normal stress based upon the net area at notch.
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2. ARGONNE NATIONAL LABORATORY

R. W. Weeks

2.1 INTRODUCTION

Argonne National Laboratory (ANL) is conducting extensive programs

to provide elevated-temperature, low-cycle fatigue data on Types 304 and

316 stainless steel and to study the effects of sodium environment on the

elevated-temperature mechanical properties of these materials. Both

programs are in support of LMFBR component design. In the present report,

additional results of a statistical analysis of available low-cycle fatigue

data on Type 304 stainless steel are given, a damage equation for creep

fatigue interaction is described, the application of the frequency-modified

approach to the low-cycle fatigue behavior of Type 304 stainless steel is

discussed, and the results on cyclic-hardening behavior are described.

2.2 FRACTURE AND FATIGUE STUDIES ON STAINLESS STEELS — D. R. Diercks

2.2.1 Statistical Analysis of Interlaboratory, Heat-to-heat, and Heat-
treatment Variability of Elevated-temperature Low-cycle Fatigue
Data on Type 304 Stainless Steel -- D. T. Raske and D. R. Diercks

The results of a regression analysis of the observed fatigue life for

the principal test variables of Type 304 stainless steel tested under

axial loadings have been reported.1 In the present report, the results

of a statistical analysis of the qualitative variables excluded from that

analytical description, or model, will be investigated. These variables

include the four laboratories that generated the data, the different heats

from which the test specimens were fabricated, and the heat treatments

that preceded testing.

The investigation of these variables consisted of a statistical

analysis of the residual values of the transformed fatigue lives. The

residual is defined as the difference between the observed fatigue life

and the fatigue life computed from the analytical model.1 Residuals offer
a convenient means of comparing the fatigue behavior of different samples

because deviations from values obtained for all the samples provide a

21
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quantitative measure of performance. The transformation on fatigue life

is such that negative residual values are associated with longer lives

than predicted by the model.

Sample means and variances constituted the variables studied, using

the following assumptions and analyses:

a. Nonrandom samples from the normal population of residuals ob

tained by the regression analysis (n = 435, y = 0, and

a = 0.01348) were assumed to be normally distributed with

mean x an(i variance s .

b. Heat treatments 5 and 8 as well as 14 and 15 were assumed to be

identical (Table 2.1).

Table 2.1. Material Heat Numbers and Heat Treatments Used in

Regression Analysis for Type 304 Stainless Steel1

A. Material heat numbers

B.

1. 9T2796

2. 55697

3. 346845

4. 346544

5. X22807 (Type 304L Stainless Steel)
6. 600414

7. 8043813

8. 300380

Pretest heat treatments

1. Solution annealed

2. Solution annealed and aged 1000 h at 566CC (1050°F)
3. Solution annealed and aged 1000 h at 593°C (1100°F)
4. Solution annealed and aged 1000 h at 650°C (1202°F)
5. Stress relieved 15 min at 760°C (1400°F)
6. Stress relieved and aged 47 h at 566°C (1050°F)
7. Stress relieved and aged 160 h at 650°C (1202°F)
8. Stress relieved 30 min at 760°C (1400°F)
9. Hot rolled

10. As-fabricated or as-welded

11. Aged 3096 h at 410°C (770°F)
12. Aged 8760 h at 400°C (752°F)
13. Aged 8000 h at 593°C (1100°F)
14. Aged 8760 h at 750°C (1382°F)
15. Aged 9240 h at 750°C (1382°F)

c. To compare pairs of samples, the assumption that the mean values

of the sample residuals were equal (the null hypothesis X- = X-)
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was tested by means of the t test.2 The ^-statistic was computed
and compared with values from Student's t-distribution for

n_ + n_ _ 2 degrees of freedom. The level of significance a of

the tests was 5%. Thus, a 5% probability exists that the null

hypothesis would be rejected erroneously. All tests were two-

sided; therefore, the values from the t-distribution were taken

at the 0.025 level. This gave a confidence level (y = 1 - ct) of

at least 95% when different sample means were detected. The

probability of a Type-II error, i.e., not detecting a difference
in the means at a = 5%, was also determined.3 The probability of

this error is strongly dependent on the sample size and is

generally not sensitive when small samples (n ^20) are compared.
The sample variances were also compared using the F-distribution.
When this test indicated that the variances were unequal, an

approximate t-statistic (recommended for the analysis of fatigue

data) was used.

d. When two or more samples were judged equal in mean and variance,

they were combined to provide a new, larger sample, which in
creased the sensitivity of the statistical tests and decreased

the Type-II error.

e. To present the results of this analysis in a format that clearly
illustrates the basis for the conclusions reached in the text,

the samples discussed are plotted as normal probability density
functions in terms of their mean x± and standard deviation s±.

2.2.1.1 Interlaboratory Variability

This possible source of variation in results was the first to be
investigated because, if present, it would certainly obscure the effects
of the other variables. For convenience, the source laboratories were

assigned the following numerical designations: 1- Argonne National
Laboratory, 2- Aerojet Nuclear Company, 3- General Electric Company-
Nuclear Systems Program, and 4 - Battelle-Columbus Laboratories.

Comparisons of the residuals from these four source laboratories
were made for specific heats and heat treatments. This was necessary to
eliminate any possible effect of these variables on the analysis. The
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results are shown in Fig. 2.1 as normal distributions, using the sample

mean and variance to determine these curves. The solution-annealed data

from laboratory 2 were insufficient to permit a comparison with the other

three laboratories (Fig. 2.1a). Therefore, solution-annealed and aged

data from laboratory 2 were compared with similar data from laboratory 1
(Fig. 2.1b).

The results of the statistical analysis indicate that data from

laboratories 1 and 4 differ in mean and variance at the 5% level of sig

nificance. The probability of a Type-II error was 40%. Based on these

results, the data from laboratories 1-3 were combined. This new data set

was then compared with the data of laboratory 4, with the result that the

confidence level for different population means exceeded 90% with a

Type-II error probability of ^60%.

2.2.1.2 Heat-to-heat Variability

Only those heats (1 through 7) from Table 2.1 for which sufficient

data existed to provide statistically meaningful results were investi

gated. The initial comparisons of the residual means and variances by

heat were made for data from the same laboratory and with the same heat

treatment. The results of these comparisons indicated that the mean

values from heats 1 and 3 were significantly different. The next step

was to combine the data from laboratories 1-3, as previously discussed.

These results revealed that heat 2 also differed from heat 3 and, in

addition, heats 1 and 2 differed from heat 7. Finally, the data for

heat 2 were increased by combining the data from test specimens that were

solution annealed and aged. This consisted of three sets of data from

specimens aged for 1000 h, but at temperatures of 566, 593, and 650°C.

Statistical comparisons of these data indicated large and significant

differences between heats. However, evidence indicated that the cause
k 5

of these differences might be attributed to the tensile-hold-time data. '

This was investigated by separating the data into groups consisting of

continuous cycling and hold-time waveforms. Because of the many different

tensile hold times reported for the data used in this study, no distinction

of individual values was attempted. Furthermore, only those data from

laboratories 1 and 2 in the solution annealed and aged condition were used.
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Five heats (1-3, 6, and 7) provided sufficient data to statistically

investigate the variation of the residuals from zero and nonzero-hold-time

tests. The results, with the exception of the as-fabricated data from

heat 6, are shown in Fig. 2.2. Based on the sample means and variances,

these results and the results of uniaxial creep tests indicate the

following:

a. Heat 1. The hold-time data have a much lower fatigue life than

predicted by the model. In addition, material from this heat also had

poor uniaxial creep properties compared with other heats in this study.

The continuous cycling and hold-time data differed in the residual mean

value at a significance level of 2%, with a Type-II error probability of

vL0%. Therefore, with a confidence level of 98%, it can be concluded that

this material will respond differently to zero and nonzero-hold-time tests.

b. Heat 2. This material had fatigue lives slightly higher than

predicted by the model for both continuous cycling and hold-time waveforms.

It was not possible to distinguish any statistically significant difference

in the mean values of samples from this heat subjected to the two waveforms.

This means that the difference between the observed and predicted lives is

similar for fatigue and creep-fatigue tests.

c. Heat 3. The material from this heat exhibited a considerably

different response to the two loading waveforms. Under hold-time waveforms,

the observed creep-fatigue lives were much longer than predicted, whereas

the continuous cycling lives were similar to those of the other heats in

vestigated in this study. Resistance to uniaxial creep was also reported

to be high for this material. The confidence level at which the means

differed for these loadings was 99.9% with a Type-II error probability of

1%.

d. Heat 6. Data for this heat were excluded from Fig. 2.2 because

the material was tested in the as-fabricated condition and therefore was

not directly comparable to the other data. However, the mean values for

samples from the two loading waveforms were virtually identical.
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e. Heat 7. This material was similar to heat 3 in that it displayed

large differences in response to the different loading waveforms. The

hold-time test data had longer fatigue lives than the model predicted, and

these results were consistent with the high uniaxial creep resistance ob

served. The t-test did not indicate a statistically significant difference

in residual mean values for the samples cycled continuously and with hold

times. This was due to the large variance and consequent overlap associ

ated with these data.

The following conclusions regarding heat-to-heat variability are

apparent from these results. Waveforms containing tensile hold times pro

duced large variations in fatigue lives with respect to the lives predicted

by the model for these heats. These variations were such that those heats

with good uniaxial creep resistance also had longer fatigue lives, and

those with poor creep resistance were accompanied by shorter fatigue lives

than predicted. The confidence levels at which data from the creep-

resistant heats (3 and 7) differed from the data for the heats more sus

ceptible to creep damage (1 and 2) exceeded 98%, with Type-II error proba

bilities averaging 15%. No statistically significant differences were

found in the data from heats 1-2, 5, and 7 tested under continuous cycling

conditions. In addition, data for three zero-hold-time tests from heat 4

with the same heat treatment had residuals with values within the range

of mean values of these heats. Therefore, it is apparent that no signifi

cant heat-to-heat variations exist for continuous cycling waveforms, and

data from these heats could be considered as identical in subsequent

statistical analysis.

2.2.1.3 Heat-treatment Variability

From the results of the previous two sections, continuous cycling

data from laboratories 1-3 and heats 1-5 and 7 were combined to investi

gate the effect of heat treatment on fatigue life. As stated previously,

the residual values were grouped with respect to the variable of interest

(in this case, heat treatment), and the resultant values were statistically

compared. Because of small sample sizes and consequent statistical in

accuracy, a number of heat treatments were not compared. Those samples
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that were of sufficient size to be accurately compared are shown as

normal probability density functions in Fig. 2.3.

The data from both the stress-relieved and solution-annealed plus

aged heat treatments indicated longer mean fatigue lives than predicted

by the model. These data had sample means and variances that were nearly

identical. For material that was only solution annealed, the mean fatigue

life was slightly less than predicted but considerably below the two pre

vious treatments.

The results of the statistical analysis indicate that the solution-

annealed sample data differ from the stress-relieved and solution-annealed

plus aged data with a confidence level exceeding 98%. The Type-II error

probabilities were 35 and 10%, respectively. Consequently, either of

these two heat treatments could be expected to result in better fatigue

performance than solution annealing alone, under these particular loading

and environmental conditions, i.e., continuous cycling in air at a tem

perature between 430 and 816°C. Earlier work at ANL6 has shown that

specimens stress relieved or solution annealed and aged prior to testing

have more carbide precipitation at the grain boundaries and coherent twin

boundaries than solution-annealed specimens. Indeed, this work attributed

longer fatigue lives to this more advanced carbide precipitation. It was

also suggested that, in tests of long duration or higher temperatures, the

differences in heat treatment would become obscured due to the precipita

tion induced by the time at temperature during the test. This hypothesis

was statistically tested using tensile hold-time data from heat 1 in the

solution-annealed and solution-annealed and aged conditions. No statisti

cally significant difference in the effect of these heat treatments on

fatigue life was observed. This is in contrast to the clear and signifi

cant difference observed for continuous cycling. Thus the results of the

present study support and confirm these conclusions.

Specific conclusions regarding comparisons of the as-fabricated data

shown in Fig. 2.3 are uncertain because heat 6 could not be directly com

pared with the combined heats that constitute the base for the other heat-

treatment data. Nevertheless, these data have a mean fatigue life that

is considerably below the other heat treatments. In view of the previous

heat-treatment effects on fatigue life, this result is not unexpected.
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2.2.2 A Unified Approach to Creep-fatigue Damage — S. Majumdar and
P. S. Maiya

An incremental damage approach to creep-fatigue interaction has been

presented.1 The method was applied to Type 304 austenitic stainless steel

at 593°C (1100°F) for various monotonic and cyclic loading conditions.

The present report extends the above approach to analyze creep-fatigue

interaction in Types 304 and 316 stainless steel, Incoloy 800, and

2\ Cr-1 Mo steel at various temperatures. Certain simplifications of the

method demonstrated in the present report together with the fact that the

strain history for a structural component can often be calculated more

reliably than its stress history make this method useful to designers.

2.2.2.1 Basic Equations

It is assumed that the major portion of the life of a low-cycle

fatigue specimen is spent in extending preexistent microcracks of length

a to a final length a , and the growth of each microcrack is governed by

the following equation:

— =

dt

aT Ie I lei (in the presence of tensile stress)
P P

aC Ie I le I (in the presence of compressive stress), (1)
^ P P

where T, C, m, and k are material parameters that are functions of temper

ature, environment, and the metallurgical state of the material. For con

tinuous cycling over a plastic strain range Ae at constant plastic strain

rate e , Eq. (1) can be integrated to give the cycles to failure7

Nf =[(m +1)/4A] (Aep/2)_(m+1) (ep)(1_k), (2)

where

A = (T + C)/2 In (a /a ). (2a)
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For tests that involve specimens of identical geometry and microstructure,

A can be viewed as a material parameter. Equation (2) is identical to

Coffin's frequency-modified equation,8 provided one replaces the plastic

strain rate by the appropriate frequency.

During a monotonic tensile or creep test, a crack-growth law similar

to Eq. (1) is assumed, except that the coefficient T is replaced by T'.

Integrating the damage equation, one can derive the time to failure as7

t. = [<* + 1) ln(a /a )/T']1/(m+1) (e )"(m+k)/(m+1)fl \l" • JL/ -LL1\CI / Cl

C O P

For fatigue cycles that include both tensile and compressive hold

times, Eq. (1) can be integrated to give the cycles to failure as7

1/N. = [4A/(m + 1)] (Ae /2)(m+1)(e )k_1 + |e |m
r p P P

max

[2A/(1 + C/T)] le T dt + le 'm

o

•t

P Pm-!r,min

(3)

H

[2A/(1 + T/C)] |e |k dt. (4)
p1

The first term on the right side of Eq. (4) can be identified as the cyclic

damage per cycle, and the second and third terms are the hold-time damages

per cycle in tension and compression, respectively. Note that, although

the plastic strain is approximately constant during the hold time in a

cyclic-relaxation test, the plastic strain rate decreases continuously

during the hold-time period, and consequently, the plastic strain-rate

term in Eq. (4) cannot be brought outside the integral signs. The plastic

strain rate during the hold time at constant total strain is determined

by the stress-relaxation rate, i.e.,

e = - -. (5)-p ~ E-
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In the present report, stress relaxation has been assumed to be in the

following form:

In (c /a) =^- t(1+p), (6)
max 1 + p ' vu'

where B and p.are determined by a least-squares fit of the stress-

relaxation data obtained during hold time for each test.

2.2.2.2 Simplifications

The parameters A, k, and m for Type 304 stainless steel at 1100°F

(593°C) are shown in Fig. 2.4.7 These were determined by a least-squares

fit of a variety of continuous-cycling fatigue data9 generated at Argonne

National Laboratory (ANL) to Eq. (2). The transitional behavior of the

parameters was associated with the transition in the fatigue fracture-

surface appearance from a predominantly transgranular to a predominantly

intergranular mode. Unfortunately, such elaborate fatigue data at various

strain rates are not available for most materials. Thus, to apply this

method to analyze creep-fatigue data reported in the literature, certain

simplifications are necessary. First, note that the small variation of

m from unity in Fig. 2.4 does not influence the damage significantly, and

the value of m is consequently set equal to one. Second, the gradual

variations of k and A at 1100°F (593°C) in Fig. 2.4 are replaced by step

functions, as shown in Fig. 2.5. Figure 2.5 also contains the parameters

determined in a similar fashion for Type 304 stainless steel at 1000°F

(538°C) and 900°F (482°C). Figure 2.6 shows a plot of the predicted

cycles to failure versus the experimentally observed cycles to failure

for a representative sample of hold-time fatigue data generated at ANL9

for Type 304 stainless steel. The predicted values are calculated using

Eq. (4) and the values of the parameters from Fig. 2.5. The predicted

lives in all cases are within a factor of 1.5 (dotted lines) of the experi

mentally observed values.

A comparison of the variation of calculated (solid line) and experi

mentally observed values of time to tensile and creep rupture with plastic

strain rate10-14 for Type 304 stainless steel at 1100°F (593°C),
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Fig. 2.4. Variation of Material Parameters with Strain Rate
for Type 304 Stainless Steel at 1100°F (593°C). Neg. No.
MSD-61799.
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Fig. 2.5. Idealized Variation of Material Parameters with
Strain Rate and Temperature for Type 304 Stainless Steel.
Neg. No. MSD-62908.
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EXPERIMENTAL N,

304 STAINLESS STEEL

(SOLUTION ANNEALED

9 AGED)

RANGE OF HOLD
TIME (min)

45T-600T

KJT-600T

T-600T, 4C a 2S

Fig. 2.6. Predicted vs Experimental Hold-time Fatigue Lives
for Type 304 Stainless Steel. Neg. No. MSD-62911.

1000°F (538°C), and 900°F (482°C) is shown in Figs. 2.7-2.9. The predicted

rupture-time line is calculated using Eq. (3) and the parameters from

Fig. 2.5 and is translated along the time axis to match the test data.

Since the slope of the time to rupture versus plastic strain rate on a

log-log plot is given by the strain-rate exponent in Eq. (3), it is evi

dent that the fatigue parameters k and m are also applicable to monotonic

loading cases. In addition, this shows that the lower limit for the value

of k can be determined from the slope of the time to creep rupture versus

minimum creep rate plot on a log-log basis. This is important because,

for most materials, continuous-cycling fatigue data in the low-strain-rate

regime (<10 s ) are not available, whereas extensive creep-rupture data

are available at these strain rates.

Furthermore, to determine how sensitive the computed life under creep-

fatigue loading is to a change in the parameters A, m, and k due to tem

perature varation, average values of these parameters were used to compute

lives at 1100°F, 1000°F, and 900°F for Type 304 stainless steel, as shown

in Fig. 2.10. Note that, although the same values of the parameters are

used to calculate lives at these three temperatures, the predicted lives

(dotted lines) are within a factor of two of the experimentally observed

lives (Fig. 2.6), which is sufficiently accurate for engineering applica

tions.
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Fig. 2.7. Experimental and Predicted Tensile and Creep-rupture
Lives for Type 304 Stainless Steel at 1100°F (593°C).
Neg. No. MSD-62905.
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Fig. 2.8. Experimental and Predicted Tensile and Creep-rupture
Lives for Type 304 Stainless Steel at 1000°F (538°C).
Neg. No. MSD-62914.
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Fig. 2.9. Experimental and Predicted Tensile and Creep-rupture
Lives for Type 304 Stainless Steel at 900°F (482°C).
Neg. No. MSD-62915.

Fig. 2.10. Predicted vs Experimental Hold-time Fatigue Lives
for Type 304 Stainless Steel. Neg. No. MSD-62909.
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In view of the above observations, the following procedure has been

used to determine the parameters A, m, and k for other materials.

a. The upper limit for the values of A, m, and k is determined by a

least-squares fit to Eq. (2) of all available continuous-cycling

fatigue data at two or more strain rates for different tempera

tures.

b. The value of m determined in step a is assumed to be constant.

The lower limit for the value of k is determined from the slope

of time to creep rupture versus minimum creep rate on a log-log

plot and Eq. (3).

c. The lower limit for the value of A, together with the T/C ratio,

is determined by correlation with a few hold-time fatigue data.

In most cases, this value of A coincides with the upper limiting

value of A determined in step b, In all cases, the calculated

life is found to be relatively insensitive to the T/C ratio.

d. The parameters A, m, and k thus determined are assumed to be

independent of temperature.

2.2.2.3 Application to Other Materials

2.2.2.3.1 Incoloy 800 (Solution Annealed). Continuous-cycling

fatigue data, used to determine the parameters A, m, and k for Incoloy 800,

were obtained from The General Electric Company.15 Creep-rupture data

(Fig. 2.11) used to determine the lower-limit value of k were obtained

from Jaske et al.15 The T/C ratio is found to be equal to four in all

cases. Hold-time fatigue data together with the stress relaxation for

each test were obtained from Jaske et al.16 Figure 2.12 shows a compari

son between the predicted versus experimentally observed life at 1000°F

(538°C), 1200°F (649°C), and 1400°F (760°C). The dashed lines in the

figure denote a deviation of a factor of two from the experimentally ob

served life. It is evident that, for engineering accuracy, the material

parameters for Incoloy 800 may be assumed to be independent of temperature

in the range from 1000°F (538°C) to 1400°F (760°C).
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MINIMUM CREEP RATE Is"1)

Fig. 2.11. Variation of Time to Creep Rupture with Minimum Creep
Rate for Incoloy 800 at 1400°F (760°C). Neg. No. MSD-62916.

EXPERIMENTAL N,

Fig. 2.12. Predicted vs Experimental Hold-time Fatigue Lives
for Incoloy 800. Neg. No. MSD-62906.
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2.2.2.3.2 2\ Cr-1 Mo Steel (Isothermally Annealed). Continuous-

cycling fatigue data required for determining the parameters A, m, and k

for 2\ Cr-1 Mo steel were obtained from Brinkman et al.17 Creep-rupture
data (Fig. 2.13), used to determine the lower-limit value of k, were ob

tained from ORNL-5107.18 The T/C ratio for this material is estimated to

be equal to one. However, this ratio is not firmly established because

data for sufficiently long compressive hold times are not available.

Hold-time fatigue data as well as stress-relaxation behavior for each

test were obtained from Ellis et al.19 and Strizak.20 Figure 2.14 shows

a plot of the predicted versus experimentally observed lives at 900°F

(482°C), 1000°F (538°C), and 1100°F (593°C) for a variety of hold-time

fatigue tests. The dashed lines in this figure denote a deviation of a

factor of two from the experimentally observed life. It is evident that,

for engineering accuracy, the parameters for this material may be assumed

to be independent of temperature between 900CF (482°C) and 1100°F (593°C).

2.2.2.3.3 Type 316 Stainless Steel (Annealed and Annealed and Aged).

Continuous-cycling fatigue data, used to determine the parameters A, m,

and k for Type 316 stainless steel, were obtained from Conway et al.21

and Keller.22 Unfortunately, creep-rupture data for the same heat of

material were not available over a sufficiently wide range of minimum

creep rate to reliably determine the slope of the time to rupture versus

minimum creep rate curve. Consequently, the lower-limit value of k for

material was determined by correlation with some hold-time fatigue data.

The value of the T/C ratio of this material is assumed equal to four in

all cases. Hold-time fatigue data and stress relaxation for both aged and

unaged materials were obtained from Keller.22 Figures 2.15 and 2.16 show

that the predicted life in most cases is within a factor of two (dashed

lines) of the experimentally observed life for tests performed at 1050°F

(566°C) and 1200°F (649°C). Note that the main effect of aging in this
material is to shift the transition in the material parameters from a

higher to a lower value of strain rate. This is consistent with the fact

that aging causes precipitation of second-phase particles (mainly carbides)

at the grain boundaries, and these particles tend to resist grain-boundary
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Fig. 2.14. Predicted vs Experimental Hold-time Fatigue Lives for
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Fig. 2.15. Predicted vs Experimental Hold-time Fatigue Lives for
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sliding. Consequently, the transition from transgranular to intergranular

fracture mode occurs at a lower strain rate for a material in the aged

condition than for the same material in an initially unaged condition.

2.2.2.4 Conclusions

A damage equation is proposed that takes into account the effect of

plastic strain rate under creep and creep-fatigue loadings. The method

presents a unified approach to creep and creep-fatigue damage.

Although the various material parameters that appear in the damage

equation are, in general, functions of temperature, they may be assumed

to be constant over a broad range of temperatures for engineering appli

cations.

The method has been successfully applied to predict failure under a

variety of creep-fatigue loadings of Types 304 and 316 austenitic stain

less steel, Incoloy 800, and 2\ Cr-1 Mo steel at various temperatures.

2.2.3 Application of Frequency-modified Life Approach to the Low-cycle
Fatigue Behavior of Type 304 Stainless Steel — P. S. Maiya and
S. Maj umdar

The application of the frequency-modified life equation (developed by

Coffin) has been critically examined using the extensive data available

for Type 304 stainless steel. At ANL, a large amount of elevated-

temperature, low-cycle fatigue data have been generated for Type 304

stainless steel (Heat No. 9T2796) for various loading conditions. Prior

to fatigue testing, the hourglass-shape specimens were solution annealed

at 1978°F (1092°C) for 30 min and aged at 1100°F (593°C) for 1000 h. The

tests were performed in axial strain control using hydraulically actuated

fatigue machines. For the purpose of the present discussion, we will con

sider only the data at 1100°F (593°C), inasmuch as the data obtained at

this temperature are more extensive than those at other temperatures and

are thus amenable to a more rigorous testing of the data predictive

methods.

To incorporate the time-dependent effects in elevated-temperature,

low-cycle fatigue, Coffin8 has proposed the frequency-modified Coffin-

Manson relation given by
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where C and g are constants. The detailed description of Eq. (7) and its

application to fatigue-life prediction have been discussed extensively by

Coffin in a series of papers.23-26 Also, a frequency-modified life rela

tionship26 exists between elastic strain range and fatigue life, which we

will not discuss in the present report inasmuch as it is primarily appli

cable to high-cycle fatigue.

2.2.3.1 Life-predictive Parameters

The constants C„, g, and k were obtained by a least-squares fit of

the continuous-cycling fatigue data to Eq. (7). Only the fatigue data ob-
—2 —6 —1

tained at e from 4 x 10 to 4 x 10~ s and Ae between 0.5 and 2.0%

were used. The values for Ae were obtained at half the fatigue life.
P

The regression analysis was performed so that the values of constants were

obtained over different frequency ranges. When a geometric mean value was

assigned for the frequency range (used in determining the constants), it

was found that the predictive parameters vary with frequency in a syste

matic manner, as shown in Fig. 2.17. All parameters show a gradual transi

tion with frequency. In all cases, it appears that the values vary more

slowly with frequency at both the higher and lower end of the frequency

spectrum. The transition in the variation of these constants with cyclic

frequency coincides approximately with the transition in failure mode

from intergranular to transgranular or vice versa. Experimental evidence

for this was obtained from an examination of fatigue fracture surfaces

and the series of scanning-electron micrographs shown in Fig. 2.18.

The transition from transgranular to intergranular failure occurs

approximately at frequencies <0.1 cpm, which is consistent with the
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transition in the values of the constants observed. Three sets of

constants were used in life prediction, and the values are listed in
-2

Table 2.2. The constants determined from the data at e between 4 x 10

and 4 x 10 s will be referred to as transgranular failure mode (TFM)

constants and the values obtained at e between 4 x 10 and 4 x 10 s

as intergranular failure mode (IFM) constants. The values of the con-
—? —6 —1

stants determined over the entire spectrum of e (4 x 10 to 4 x 10 s )

will be identified as mixed failure mode (MFM) constants.

Table 2.2. Fatigue-life Predictive Parameters

Type of C2 3 k A m

Constants

TFM 0.303 0.475 0.866 15.42 1.2

IFM 1.03 0.641 0.614 0.45 0.93

MFM 0.39 0.535 0.74 5.62 1.13

2.2.3.2 Prediction of Low-cycle Fatigue Data

Using the set of parameters listed in Table 2.2 and contained in

Eq. (7), the fatigue life was calculated and compared with the experi

mentally determined fatigue life. The root-mean-square error (RMSE) is

used as a measure of predictive capability for the appropriate case. The

RMSE is defined as

RMSE =

N

I
i=l

In N (calculated) - N (experimental)

i i

(8)

In the plots of calculated versus experimental fatigue life discussed in

the present report, deviations of a factor of two from the calculated

lives are shown by the dashed lines.

We now consider fatigue test results obtained at ANL for Type 304

stainless steel under loading conditions that involve various wave shapes,

In one type of test (in addition to cycling at a given strain range with
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zero mean strain), a predetermined period of hold time at constant total

strain is imposed at both the maximum tensile strain and maximum com

pressive strain limits. In symmetric hold-time tests, the hold times in

tension and compression are equal, and the shape of the strain cycle is

trapezoidal. Also, fatigue tests have been run with only tensile hold

time imposed in each cycle or compressive hold time. The tensile hold-

time tests have been completed with hold times ranging from 1 to 600 min.

In the compressive and symmetric hold-time tests, the hold times varied

from 1 to 4 min. During the hold time at constant strain, the stress

relaxes, which results in additional plastic strain. In a few tests, the

tensile stress was held constant during the hold-time period of each cycle,

and the specimen was allowed to creep until a predetermined amount of total

strain was reached. When Eq. (7) is used for life prediction, the wave

shape effects are generally ignored26 so that the average frequency v is
defined as

v

cont Hold

(9)

where tCQnt is the time spent in continuous cycling, and x , is the hold-
time period. In the cyclic creep tests performed at ANL, the frequency

varied from cycle to cycle so that "an average time period for each cycle

is estimated by dividing the total time to failure by the number of cycles

to failure. The frequency-modified life equation together with IFM and

MFM constants yield a reasonably good prediction of the hold-time data

(generated at ANL, to date, for one heat treatment) within a factor of

two (Figs. 2.19 and 2.20). Another point to make is the slightly im

proved accuracy in life prediction using IFM constants compared with the

prediction by means of MFM constants.

2.2.3.3 Discussion of Results

The low-cycle fatigue data generated at ANL for Type 304 stainless

steel at 1100°F (593°C) for a variety of cyclic-loading conditions can be

predicted within a factor better than two from continuous-cycling data

using the frequency-modified life equation. However, a trend does exist,
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as has been noted by several other investigators,9'27*28 that the life

prediction is nonconservative for tensile hold-time data and conservative

for compressive and symmetric hold-time data. These results can be

examined in light of the experimental observation that, for Type 304

stainless steel, the tensile hold-time period produces more damage than

compressive or symmetric hold-time periods introduced per cycle. Micro-

structural evidence is presented by a series of scanning-electron micro

graphs of fracture surfaces for short hold-time periods involving a few

wave shapes (Fig. 2.21). It is clear that a tensile hold time as short

as 1 min produces both transgranular and intergranular fracture, whereas

symmetric and compressive hold times of the same duration produce trans

granular fracture surfaces. These observations are consistent with the

work of Cheng and Diercks.29 Similar results are observed for the 2-min

hold-time tests (Fig. 2.21). It should also be mentioned that a compres

sive hold time as long as 4 min also produces well-defined fatigue

striations. Inasmuch as continuous cycling at strain rates >10 s

also causes transgranular fracture mode [well-defined fatigue striations

visible on the fracture surfaces of specimens (Fig. 2.18)], it should be

possible to predict fatigue life (with TFM constants) when compressive

and symmetric hold-time periods are imposed. This is demonstrated in

Fig. 2.22, and a comparison of Figs. 2.22 and 2.23 shows how the accuracy

in life prediction is improved when the variation of predictive parameters

with frequency is considered. However, longer compressive and symmetric

hold times may be more damaging, resulting in intergranular fracture, and

furthermore, the deformation behavior may also be influenced by strain-

rate effects. Therefore, additional tests that involve longer compressive

and symmetric hold times may impose a limit upon the extent of prediction

by means of TFM constants.

From what has been said so far, the low-cycle fatigue data generated

with tensile hold times varying from 1 to 600 min, with symmetric and

compressive hold times <4 min, and cyclic creep data for Type 304 stain

less steel (at 593°C) can be predicted within an accuracy of 30-40% using

the Coffin-Manson frequency-modified life equation.
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Fig. 2.22. Prediction of Compressive and Symmetric Hold-time Data
with TFM Constants. Type 304 stainless steel and T = 593°C.
Continuous-cycling data obtained at et between 10~2 and 10~4 s-1
are included. RMSE = 0.18. Neg. No. MSD-62317.
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Fig. 2.23. Prediction of Compressive and Symmetric Hold-time Data
with MFM Constants. Type 304 stainless steel and T = 593°C.
Continuous-cycling data obtained at et between IO-2 and 10~4 s-1
are included. RMSE = 0.36. Neg. No. MSD-62318.
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In earlier reports,1'7 the damage-rate approach for creep, fatigue,

and creep-fatigue interaction was discussed. Basically, the damage-rate

approach assumes a failure criterion that involves the growth of an initial
microcrack length aQ to acritical crack length a^ and proposes adamage-
rate equation in terms of the current crack length a, plastic strain ep,
and plastic strain rate e . The approach is versatile in the sense that
the damage accumulation along an arbitrary deformation path can be com

puted by integrating the damage-rate equation. Because the damage-rate
approach has been successfully applied7 to the same creep-fatigue data as
those considered in the present report and also the frequency-modified

life equation can be derived from the damage-rate approach, a direct com
parison of the life predictions of the two approaches is possible. Inte
gration of the damage-rate equation for continuous cycling over a plastic
strain range Ae at a constant plastic strain rate ep yields the following

relations:7

/Ae \"(m+1)
m + 1 P) (& n!--*

Nf ="4A~ 2 (V '

where

A=c^i/ln ac/v

or, in terms of frequency v (in cpm),

N m+l f^)"(l"k)(4v)1-k. (10)
Nf= -jr~ \ 2 j

Equation (10) is identical to the frequency-modified life equation, Eq. (9),

if

k + m

and

m+M6 2(m"k)3 (11)
C2 "l A } 60(l-k)B
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The values of A and m that correspond to g and C„ are listed in

Table 2.2. Therefore,under continuous cycling, the damage-rate approach

yields identical results, provided the same constants are used.

When hold times are imposed in each cycle, the damage-rate equation,

upon integration, yields the damage per cycle, as discussed elsewhere.7

Let us consider and compare the extent of damage produced during

tensile hold time up to 600 min using the two approaches. For this

purpose, we include fatigue test results at 593°C for Type 304 stainless
-3 -1steel with the same e£ = 4 x 10 s and Aet = 1.0% but with tensile

hold times ranging from 1 to 600 min. The damage per cycle in the

frequency-modified approach is

m+k

Nf m+1I2 / Id) ' (12)

/ . i m-t-R ,

where x is the time period per cycle in seconds. Note that in the

frequency-modified life equation, no distinction is made between the

continuous cycling and the hold-time damages, but a distinction exists

in the damage-rate approach. Using the appropriate constants, life with

hold time/life without hold time is computed and plotted versus the ten

sile hold time for the two approaches (Fig. 2.24). The results obtained

are in close agreement and imply that, in the frequency-modified approach,

wave-shape effects can be ignored for this type of loading considered at

least up to tensile hold time <600 min. However, it should be mentioned

that the frequency-modified approach continues to predict a decrease in

life with longer hold time beyond t = 600 min, whereas the damage-rate

approach predicts a decrease in life as long as e ^ 0 and predicts zero
P

damage (saturation) when e = 0. The latter situation is of particular

interest to designers, but no data exist beyond t„ = 600 min to verify

whether saturation occurs. For handling the damage during long compressive

and/or symmetric hold times, the frequency-modified approach presents
problems.

Another situation where wave-shape effects become important involves

tests with sawtooth waveforms. Two types of tests of interest are the

following: one with slow loading followed by fast unloading (slow-fast)
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Type 304 Stainless Steel and T = 593°C. Neg. No. ANL-306-76-115.
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and the second with fast loading followed by slow unloading (fast-slow).

In the frequency-modified approach, the preceding two loading sequences

are not distinguished and additional assumptions are necessary to handle

the situation. [Recently, the authors have learned that Coffin (private

communication) has proposed a frequency-separation technique to handle

wave-shape effects.] To examine the damage using the damage-rate approach,

we consider two types of tests that involve sawtooth waveforms as shown in

Fig. 2.25. From strain-cycling and the corresponding stress-cycling wave

forms, shown in Fig. 2.25, it is clear that in a slow-fast test more time

is spent when the stress is tensile (also note that a mean compressive

stress is present) than when the stress is compressive. Inasmuch as

tensile hold time is more damaging than compressive hold time, we con

clude that slow-fast cycling is more damaging than fast-slow cycling. To

estimate the order of magnitude of life difference involved in sawtooth

waveforms, we consider two sets of slow-fast and fast-slow tests, all with

Ae = 0.007. The strain rates for the first set are 10~6 s-l (e ) and

10~4 s~l (e ), and, for the second set of tests, en, = 10 s~l and
P2 Pi

e_ = 10~3 s~l. The damage per cycle in the slow-fast test* is given by

and in the fast-slow test

1 16A /n ..„,m+1 .. ,k-l

n; =5(m +1) (°-0035) (£P2)

4A ,n __xm+l /» \k-l
5(m + 1)

+T7ZZT-^ (0.0035)""" |£p P ". (14)

*

The tensile hold time is assumed to be four times more damaging than

compressive hold time to be consistent with our previous work.7
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(b) FAST-SLOW

Fig. 2.25. Sawtooth Waveforms. Neg. No. MSD-62311.
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Using the appropriate constants (for e >10 s , TFM constants
-5 -1 P

are used, and, for e <10 s , IFM constants are used) from Table 2.2,

the fatigue lives calculated for sawtooth waveform are listed in Table 2.3.

The magnitude of the wave-shape effect on fatigue life estimated (slow-fast

loading produces three to four times more damage than the fast-slow loading)

is consistent with the recent experimental findings of Coffin for Type 304

stainless steel and the A286 alloy.31

Table 2.3. Expected Results from Damage-rate Approach for
Sawtooth Waveform for Type 304 Stainless Steel,
with Aep = 0.007 and T = 593°C

Type of . a -1 . a -1
tj- e *.» s e,s N,., cyclesLoading pt' pc f' J

10_A 338

IO-6 1032

10"3 378

IO"6 1470

e and e are the plastic strain rates in tension and
pt pc

compression, respectively.

2.2.4 Description of Cyclic Hardening Behavior of Type 304 Stainless
Steel — P. S. Maiya

Type 304 stainless steel in the solution-annealed or solution-

annealed and aged conditions cyclically hardens when subjected to cycling

at constant strain range. The rate of hardening depends upon the actual

strain-range levels, temperature, and other cyclic loading variables of

fatigue tests. At total strain ranges between 0.5 and 2.0%, the cyclic-

hardening rate decreases with an increase in the number of cycles, and

the material typically attains saturation in ^150-500 cycles. Therefore,

a proper description of cyclic-hardening behavior must include both the

initial cyclic-hardening stage and the attainment of saturation. Efforts

are being made to process the extensive cyclic-hardening data generated

at ANL and to describe the cyclic-hardening behavior in a simple manner so

that it is easily accessible to designers.

Slow-fast IO"6

Fast-slow IO"4

Slow-fast IO"6

Fast-slow
_3

10 J
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One of the methods32 of representing the cyclic-hardening behavior

at constant strain range is by means of a Voce-type equation

Aa = (Aa - AaJ exp(-KN) + Ao^, (15)

where Aa is the stress range for any cycle N, Ao and K are constants,

and Ao^ is saturation stress range. As has been recognized earler,32

Eq. (15) does not describe the cyclic-hardening behavior satisfactorily.

In the present report, a modified version of Voce-type equation to describe

cyclic-hardening behavior will be discussed. The application of the pro

posed equation is demonstrated by considering the cyclic-hardening data

generated at ANL for Type 304 stainless steel. For simplicity, only re

sults obtained at total strain ranges between 0.5 and 2.0%, a strain rate

of 4 x 10"3 s""-*-, and a temperature of 1100°F (593°C) are considered.

The cyclic-hardening behavior at constant strain range can be, in

general, described by an equation of the following form:

Ao - Aa

log -^ Aq +L AnNn , (16)
CO

n=l

where Aa and Aa^ have the same meaning as in Eq. (15), and A , A.. , A„,

and A are the coefficients of the polynomial fit. Note that, when n = 1,

Eq. (16) simplifies to a form similar to a Voce-type equation.

The cyclic-hardening data obtained for solution-annealed and aged

Type 304 stainless steel are fitted to the first, second, and third degree

polynomials to determine which gives the best least-squares fit of the data.

The polynomials describing the cyclic-hardening data are given as follows:

/Aa - Aa\

lQS "ao " Ao + A1N' (17)

/Aa - Aa\

lo8 °°Aa =Ao +A1N +A2N ' (18)
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Aa - Ac
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log I—-^ I=Aq +AXN +A2N2 +A3N-3. (19)

The coefficients of the polynomial least-squares fit for data obtained at

different strain ranges are listed in Table 2.4, and the results are dis

played in Figs. 2.26-2.28. The solid curve is calculated from the co

efficients listed in Table 2.4, and the experimental points are shown by

symbols. It is clear that the best prediction is obtained by fitting the

cyclic-hardening data to a third-degree polynomial which predicts both

the cyclic-hardening and saturation behavior. The results also reflect

that Eq. (15) is not satisfactory and also the higher degree terms

I I AN Jare not required for describing the cyclic-hardening behavior.
n=4 '

It is also shown that the cyclic-hardening data for the solution-

annealed Type 304 stainless steel can be represented in a similar manner

by Eq. (19) as shown in Fig. 2.29. The coefficients of the polynomial

fit for solution-annealed Type 304 stainless steel are listed in Table 2.5.

The above approach for representing cyclic-hardening behavior permits

a comparison of hardening behavior of steels with two heat treatments.

A comparison is made in Fig. 2.30 in which slight differences in cyclic-

hardening behavior are observed (as a result of different initial heat

treatments) for Type 304 stainless steel cycled at total strain ranges

>0.5%. Using the coefficients of the third-degree polynomial, one can

also determine the cyclic-hardening rate [d(Aa)/dN] as a function of the

number of cycles. A log-log plot of cyclic-hardening rate versus number

of cycles for solution-annealed and aged and solution-annealed Type 304

stainless steel is shown in Figs. 2.31 and 2.32, respectively. These

figures show that the larger the strain range the higher the cyclic-

hardening rate. Furthermore, the rate of hardening decreases more

rapidly with the number of cycles (in the first 10 cycles) for larger

strain ranges, which is expected.
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Table 2.4. Cyclic-hardening Data Fitted to Polynomials for
Solution-annealed and Aged Type 304 Stainless

-3 s-lSteel at llOO't (593°C). Strain rate, 4 x 10

...... ,

ksi

Coefficients of Polynomial Fit
Test

No.

Ae.,

% First Degree Second Degree Third Degree

697 0.5 49.55 A -1.159
o

A
o

-1.011 A -0.936
o

Ax -0.0145 Al

A2

-0.0243

5.256 x 10"5

A± -0.0343

A2 2.199 xIO"4
A3 -5.98 x10"7

142 0.75 61.97 A -0.979
o

A
o

-0.852 A -0.781
0

A -0.0182 Al

A2

-0.0265

4.466 x 10"5

A± -0.0365

A2 2.12 xIO-4
A3 -5.98 x10"7

464 1.02 73.65 A -0.885
o

A
o

-0.738 A -0.61
o

Ax -0.0384 Al

A2

-0.0544

1.718 x IO"4

A± -0.078

A2 8.324 xIO-4
A3 -4.46 x10"6

149 1.52 88.45 A -1.032
0

A
o

-0.559 A -0.389
0

A^^ -0.0344 Al

A2

-0.0861

5.552 x IO"4

A1 -0.117

A2 1.427 x10-3
A -5.89 x IO-6

132 2.02 90.95 A -0.78
o

A
o

-0.447 A -0.261
o

A -0.099 Al

A2

-0.154

1.124 x 10"3

A1 -0.208

A2 4.079 x10"3
A3 -3.94 x10-5
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Fig. 2.26. Prediction of Cyclic-hardening Behavior of Solution-
annealed and Aged Type 304 Stainless Steel at 1100°F (593°C)
and a Strain Rate of 4 x IO"3 s~l Using First-degree Polynomial.
Neg. No. MSD-63089.
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10' 10'

NUMBER OF CYCLES

ICT

Fig. 2.27. Prediction of Cyclic-hardening Behavior of Solution-
annealed and Aged Type 304 Stainless Steel at 1100°F (593°C)
and a Strain Rate of 4 x 10-3 s"l Using Second-degree Polynomial.
Neg. No. MSD-63090.
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and a Strain Rate of 4 x IO-3 s~l Using Third-degree Polynomial.
Neg. No. MSD-63091.
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Table 2.5. Cyclic-hardening Data Fitted to Third-degree Polynomial
for Solution-annealed Type 304 Stainless Steel at 1100°F
(593°C). Strain rate, 4 x 10"3 s"l.

Test Ae ,
%

ACToo, Coefficients of

No. ksi Polynomial Fit

103 0.5 48.3 A -0.916
o

A1 -0.0325

A2 1.979 x10"4
A3 -5.554 x10"7

147 0.76 65.48 A -0.488
o

A -0.0554

A2 5.509 xIO-4
A3 -3.253 xIO-6

168 1.02 74.96 A -0.524
o

A -0.126

A2 2.32 x10"3
A3 -1.973 x10-5

419 1.49 86.22 A -0.524
o

A -0.0892

A2 1.688 xIO"3
A3 -1.317 xIO"5

101 2.01 91.35 A -0.581
o

A -0.192

A2 3.246 x10-3
A3 -2.434 xIO-5
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10" 10*

NUMBER OF CYCLES

10"

Fig. 2.30. Comparison of Cyclic-hardening Behavior of Type 304
Stainless Steel with Different Initial Heat Treatments.

Solid line: solution annealed and aged and dashed line:
solution annealed. Neg. No. MSD-63087.
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SLOPE VERSUS CYCLES,Sfl+RGED

NUMBER Of CYCLES

Fig. 2.31. Variation of Cyclic-hardening Rate with Number of
Cycles for Solution-annealed and Aged Type 304 Stainless
Steel at 1100°F (593°C) and a Strain Rate of 4 x 10-3 s"1.
Neg. No. MSD-63085.
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SLOPE VERSUS CYCLES,Sfl

NUMBER OP CYCLES

Fig. 2.32. Variation of Cyclic-hardening Rate with Number
of Cycles for Solution-annealed Type 304 Stainless Steel
at 1100°F (593°C) and a Strain Rate of 4 x 10-3 s"1.
Neg. No. MSD-63086.
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3. OAK RIDGE NATIONAL LABORATORY

W. R. Martin

3.1 INTRODUCTION

The ORNL mechanical properties effort comprises several programs.

The program Mechanical Properties and Behavior for Structural Materials

deals with materials of general applicability 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 on high-temperature LMFBR systems, and materials for the primary

circuit and steam generators of HTGR systems.

3.2 MECHANICAL PROPERTIES AND BEHAVIOR FOR STRUCTURAL MATERIALS -

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 reference heats and cyclic stress-strain tests performed with

emphasis on loading and aging history effects, (2) variations in properties

for several heats of types 304 and 316 stainless steel determined 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 property variation of samples from different

mill products within a given heat of stainless steel.

3.2.1 Mechanical Property Characterization of Type 304 Stainless Steel
Reference Heat — V. K. Sikka, R. H. Baldwin, and E. B. Patton

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

Several creep tests on 51-mm (2-in.) plate of the reference heat of

type 304 stainless steel (9T2796) continued. The test times and creep

75
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strains for all tests have been updated and are summarized in Table 3.1.

Three creep tests have exceeded 30,000 hr, and two others have exceeded

28,000 hr. All tests are moving smoothly and will be continued during

the next quarter.

Table 3.1. Creep Tests on Type 304 Stainless Steel Reference
Heat 9T2796 51-mm-Thick (2-in.) Plate3

Ratio of

Test

Temperature Stiress Time in

Test

Strain, 7. Creep

Stress Comments

(°C) (°F) (MPa) (ksi) (hr) Loading Creep to Yield

Stressb

11595 427 800 138 20.0 26,268 2.67 0.11 1.57

12368 427 800 124 18.0 22,940 1.91 0.02 1.42

12472 427 800 110 16.0 22,362 1.17 0.08 1.26

12570 427 800 97 14.0 22,139 0.83 0.065 1.10

15319 .482 900 207 30.0 9,553 7.86 0.27 2.54

15268 482 900 138 20.0 10,645 3.38 0.100 1.70

11569 482 900 138 20.0 15,455 3.27 0.141 1.70 Discontinued

14041 482 900 138 20.0 12,009 3.85 0.00338 1.70 Discontinued

12375 482 900 124 18.0 12,376 2.40 0.072 1.53 Discontinued

11675 482 900 110 16.0 2,451 1.48 0.032 1.36 Discontinued

11693 482 900 97 14.0 97 0.92 0.14 1.19 Discontinued

11830 482 900 83 12.0 83 0.35 0.04 1.02 Discontinued

13152 482 900 69 10.0 20,192 0.089 0.020 0.85

13020 482 900 69 10.0 21,002 0.085 0.05 0.85

10489 538 1000 138 20.0 30,763 3.80 3.16 1.80 Ruptured
12250 538 1000 124 18.0 23,637 2.62 0.350 1.62

11625 538 1000 110 16.0 19,656 1.79 0.262 1.44 Discontinued

10491 538 1000 97 14.0 31,442 1.16 0.29 1.26

12444 538 1000 97 14.0 22,826 1.18 0.28 1.26

12445 538 1000 97 14.0 4,498 1.17 0.090 1.26 Discontinued

11568 538 1000 83 12.0 26,400 0.53 0.140 1.08

14973 538 1000 83 12.0 10,000 0.723 0.0055 1.08 Discontinued

11626 538 1000 69 10.0 26,067 0.071 0.123 0.90

11641 538 1000 55 8.0 3,170 0.040 0.027 0.72 Discontinued

10853 593 1100 124 18.0 4,547 2.84 5.94 1.65 Ruptured
10852 59 3 1100 110 16.0 14,647 2.29 3.55 1.47 Ruptured
13947 593 1100 110 16.0 10,000 2.13 1.54 1.47 Discontinued

10554 59 3 1100 97 14.0 8,710 1.40 0.65 1.28 Discontinued

11596 593 1100 83 12.0 26,236 0.52 0.570 1.10

10490 593 1100 69 10.0 31,005 0.22 0.46 0.92

13710 593 1100 69 10.0 2,010 0.096 0.204 0.92 Discontinued

14163 593 1100 69 10.0 9,980 0.228 0.230 0.92 Discontinued

11227 593 1100 55 8.0 6,103 0.041 0.080 0.73 Discontinued

12459 59 3 1100 34 5.0 22,357 0.024 0.16 0.46

10855 649 1200 110 16.0 304 2.41 12.0 1.57 Ruptured
13764 649 1200 110 16.0 245 2.42 14.53 1.57 Ruptured
10854 649 1200 97 14.0 761 1.60 13.0 1.37 Ruptured
11563 649 1200 83 12.0 2,674 0.59 13.0 1.18 Ruptured
11226 649 1200 69 10.0 7,278 0.18 7.0 0.98 Ruptured
10851 649 1200 55 8.0 20,059 0.044 5.03 0.78 Ruptured
12255 649 1200 34 5.0 992 0.030 0.08 0.49 Discontinued

12443 649 1200 34 5.0 22,229 0.024 0.19 0.49

12460 649 1200 21 3.0 22,350 0.020 0.26 0.29

10856 704 1300 69 10.0 568 0.067 15.60 0.90 Ruptured
11562 704 1300 69 10.0 653 0.12 22.50 0.90 Ruptured
11222 704 1300 55 8.0 2,760 0.031 16.40 0.72 Ruptured
12254 704 1300 34 5.0 23,550 0.030 5.12 0.45

12461 704 1300 21 3.0 22,467 0.018 0.37 0.27

12462 704 1300 14 2.0 22,061 0.010 0.250 0.18

Annealed 0.5 hr at 1093°C before testing. All tests loaded at a strain rate of
0.004/min.

Yield stresses used in this ratio were 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),
11,000 psi (77 MPa) at 704 °C (1300°F).

Unless otherwise noted, tests in progress.
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One test at 538°C (1000PF) and 138 MPa (20 ksi) ruptured recently

after 30,763 hr. The creep curve for this test is shown in Fig. 3.1.

Included in the figure are the predicted time to rupture (t ), minimum

creep rate (e ), time to onset of tertiary creep (£3), and creep curve.

The predicted values of t , e , and t% have been derived from the
r r m

generalized models of these quantities as functions of stress (£) ,

temperature (t), and ultimate tensile strength at the creep test temper

ature (S ). Details of these models are described elsewhere,1'2 and they

are briefly discussed in Sect. 3.2.3. The predicted creep curve was
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Fig. 3.1. Creep Curve for 51-mm (2-in.) Plate of Reannealed
Reference Heat of Type 304 Stainless Steel. Specimen was tested at
538°C (1000°F) and 138 MPa (20 ksi).



78

derived from the ORNL single rational polynomial creep equation described

previously2 and in Sect. 3.2.4.1. The ORNL creep equation provides for

predicting the creep behavior of individual heats by the knowledge of

their elevated-temperature S . The creep curve in Fig. 3.1 was predicted

by substituting S = 358 MPa (51.9 ksi) in the creep equation.2 For

comparison, we have also included the creep curve predicted from the

currently accepted3 creep equation. This equation does not have any

means of predicting the behavior of an individual heat. Several points

of interest from Fig. 3.1 are:

1. only 0.8% strain to onset of tertiary creep (,e%), indicating thereby

a significantly low ductility value at these creep conditions;

2. excellent agreement between the creep curve predicted from the ORNL

creep equation and the observed curve;

3. improved predictability of ORNL equation as opposed to most accepted

current creep equations;

4. reasonably good agreement between predicted1'2 and experimental values

of e , t , and t% .
m r

Figure 3.2 shows the ruptured specimen. Intergranular fracture and

the absence of any necking are evident. Detailed metallography showing

intergranular cracks is presented in Fig. 3.3 and 3.4. The high-

magnification micrographs in Fig. 3.4 show the presence of round cavities

at the grain boundaries and some indication of grain boundary

precipitation. These micrographs showed no indication of intragranular

deformation. We believe that round cavities at grain boundaries coalesced

to cause intergranular fracture.

3.2.1.2 Influence of Strain Rate and Test Temperature on Ductility of
Type 304 Stainless Steel — V. K. Sikka, R. W. Swindeman,
C. R. Brinkman, and R. L. Stephenson*

Deciding strain limits for elevated-temperature design requires the

understanding of the influence of strain rate and temperature, among other

variables, on ductility. To obtain an overall picture we have initiated

making three-dimensional plots of various ductility indices as functions

of strain rate and test temperature. These indices include the following:

-""Computer Sciences Division.
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1. uniform elongation for tensile tests and strain to onset of tertiary

creep for the creep tests;

2. total elongation — for creep test total elongation refers to the sum

of loading strain and elongation during creep;

3. reduction of area.

As a first approximation minimum creep rate is considered as the

overall strain rate for creep ductility indices. Data used for these

plots are on 25- and 51-mm (1- and 2-in.) plates of the reference heat of

type 304 stainless steel. The high-strain-rate data are from Steichen's

work1*'5 on heat 55697.

Figures 3.5 and 3.6 show three-dimensional plots of total elongation

and reduction of area as functions of log strain rate and test temperature.

Each figure shows a high-strain-rate view and a low-strain-rate view.

These plots show the following:

1. On the high-strain-rate end (bottom of Figs. 3.5 and 3.6) both

total elongation and reduction of area show high values, which are

independent of test temperature.

2. The tensile strain rate range shows a loss in ductility in the

intermediate temperature region. Tb» ductility loss initiation temperature

decreases with decreasing strain rate. This is more clearly illustrated

in separate three-dimensional plots of total elongation and reduction of

area for tensile data on 25- and 51-mm (1- and 2-in.) plates of the

reference heat in Fig. 3.7 and in a two-dimensional plot for 25-mm

(1-in.) plate in Fig. 3.8. Note that a change in strain rate from

1 x 10""* to 5/min shifted the ductility loss initiation temperature from

438 to 727°C (0.42 T to 0.60 T ), where T is the absolute melting point
m m m

(*S!1673 K). Ductility at the minimum decreased with decreasing strain

rate, and reduction of area reached a value of 22% at a strain rate of

1 x 10'Vmin.

3. The creep range shows significantly low values of total elongation

and reduction of area. Values of these indices can be seen to reach as

low as 10% or below. An example of low creep ductility is presented in

Fig. 3.1, and the associated intergranular fracture is illustrated

photographically in Figs. 3.2 through 3.4.
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Work is continuing to get three-dimensional plots of uniform

elongation and strain to onset of tertiary creep as functions of strain

rate and temperature and also to study the effects on tensile properties

of other variables such as:

1. thermal aging,

2. grain size,

3. heat-to-heat variations,

4. cold work, and

5. prior creep deformation.

Similar studies will also be performed on type 316 stainless steel.
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3.2.2 Mechanical Property Characterization of Type 316 Stainless Steel
Reference Heat — V. K. Sikka, R. H. Baldwin, and E. B. Patton

3.2.2.1 Tensile Data

Product form characterization of the reference heat (8092297) of

type 316 stainless steel began. Tensile tests have been completed on

six different products at room temperature. True stress-strain curves

for these tests are shown in Fig. 3.9. The figure indicates that the

0.2% yield strength of various products can vary from 216 to 324 MPa

(31.3 to 47.0 ksi). Furthermore, the bar shows higher yield strength

than the plate, which is consistent with the previous work6' on type 304

stainless steel. It should be pointed out that all products in the

mill-annealed condition showed yield strength values above the ASTM

material specifications of 207 MPa (30 ksi) at room temperature.

400

350

HEAT 297 AS-RECEIVED CONDITION ROOM TEMPERATURE

STRAIN RATE =0.004/min

0.004 0.008 0.012 0.016 0.020 0.024

TRUE PLASTIC STRAIN

0.028 0.032

ORNL-DWG 76-11943

70

0.036

Fig. 3.9. Product Form Variation in the True Stress-Strain Curve
of Heat 8092297 of Type 316 Stainless Steel at Room Temperature.
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Included in Fig. 3.9 are the true stress-strain plots predicted from

ORNL rational polynomial tensile stress-strain equation.8 Note that

predicted values are in excellent agreement with experimental values for

six different products. These comparisons provide additional support in

that the equation based on a single product form can indeed be extended to

several different products.

Tensile testing is continuing on other products.

3.2.2.2 Creep Properties

Creep testing of 16-mm (5/8-in.) plate of the reference heat of

type 316 stainless steel continued. All creep tests have been updated

and are summarized in Table 3.2. The longest test time has exceeded

7000 hr. The table shows that most of the tests are being carried out at

stresses and temperatures for which data are limited in the literature.

Table 3.2. Summary of Creep Tests on Type 316 Stainless Steel
Reference Heat 8092297 16-mm-Thick (5/8-in.) Plate3

Test

Temperature Stiress
Time in Test

Strain (%)

Comments
(hr)

(°C) (°F) (MPa) (ksi) Loading Creep

16019 538 1000 97 14 5770.9 0.071 0.080

15891 538 1000 110 16 3000.0 0.126 0.055 Discontinued

17119 538 1000 138 20 929.1 0.414 0.070

15791 538 1000 179 26 1800.0 2.20 C 275 Discontinued

17178 538 1000 276 40 •169.8 7.41 0.360

17135 538 1000 276 40 289.2 8.03 0.595 Discontinued

16100 565 1050 69 10 1626.0 0.070 0.014 Discontinued

16357 565 1050 69 10 3394.4 0.059 0.060

16384 565 1050 172 25 3060.2 2.25 0.680

16265 565 1050 207 30 1908.7 3.83 2.80 Discontinued

16739 565 1050 207 30 1763.0 3.91 1.33

16099 565 1050 276 40 750.3 8.63 14.0 Ruptured
15607 593c 1100 207 30 831.1 3.93 34.3 Ruptured
16279 593 1100 207 30 3246.0 3.91 17.8 Ruptured
16365 649 1200 69 10 3203.0 0.053 5.71

15842 649 1200 97 14 7044.7 0.139 19.0

15594 649 1200 124 18 1983.0 0.540 16.8 Discontinued

15538 649 1200 138 20 1884.2 0.790 44.4 Ruptured
15460 649 1200 207 30 110.2 4.27 40.2 Ruptured
15889 704 1300 83 12 234.0 0.0303 12.6 Ruptured
15593 760 1400 97 14 100.0 0.083 90.6 Ruptured

All tests are being performed for plate in the as-received (mill-annealed) condition.

Unless otherwise noted, tests are in progress.

Shorter rupture time and high creep strain as compared with test 16279 indicate
temperature controller malfunctioning.
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3.2.3 Heat-to-Heat Variations of Mechanical Properties of Austenitic
Stainless Steels of Types 304 and 316 — Time to Rupture and
Minimum Creep Rate Modeling for Type 304 Stainless Steel —
V. K. Sikka

Heat-to-heat variations in rupture life (t ), minimum creep rate (e^),

and creep curves for 20 heats of type 304 stainless steel are shown in

Figs. 3.10 through 3.12. Following are the order of magnitude of varia

tions in these quantities:

t — For a given stress and temperature, t can vary by factors of

40 to 50. Figure 3.10 shows that the orders of magnitude of variation

are approximately the same for all test temperatures.

Creep Curves — Figure 3.12(a) and (b) illustrate the magnitude of

variations that can be expected.

In general, large factors of variation in short-term data appear

reduced in the long-term data. However, this is probably because so few

data are available for such long test times.

Previous reports9-12 showed the usefulness of elevated-temperature

ultimate tensile strengths (5 ) in correlating and predicting creep

properties. We have now determined generalized models of t and e in
r m

terms of stress (S), temperature (T) and S . The generalized model devel

opment was restricted to ORNL and Blackburn13 data because these were the

only data for which S values were known at the creep test temperature

and at a single strain rate of 6.67 x lO-^/sec, The available t and e
r m

data (205 and 226 points) from these two sources were subjected to a

systematic analysis involving a generalized set of algebraic models for

log t and log e as functions of S, T, and S . The final choice of the
° r ° m u

models was based on

1. least squares fit to the entire set of data,

2. prediction of long-time (t > 2000 hr) or low^rate (e < 0.001 %/hr)

data from fits to short-time or high-rate data, and

3. simplicity and physical reasonableness of the models.

The entire modeling procedure is described in detail elsewhere. The

final models chosen for type 304 stainless steel were:
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S

log t = 5.716 - 3915 (1°| S) + 32,60 -£ - 0.007303 5 log S (1)

log e =-2.765 + 3346 (1°| S) - 51.84 -£ + 0.0616 S log 5 (2)
° m T 1 u

for S and 5 in MPa and T in K. Interestingly, Eqs. (1) and (2) are of
u

the same form, both log t and log e being linear in log S. The analysis

of the same t and e data showed2 that for models not containing the 5
r m u

term, these properties could be represented by:

log t = -7.889 - 2.395 log S - 0.00866 S + 15324/T (3)

log e = 15.42 + 3.542 log S + 0.011199 S - 23882/7 (4)
° m

Figure 3.13 illustrates the plots of predicted versus experimental

values of t and e from the models both with and without S [Eqs. (1)
r m u

through (4)]. The improvement in prediction by models with S is

reflected by the improvement in values of the standard error of estimate

(SEE) and the coefficient of determination (i?2), Table 3.3. Improvement

in predicting t and e of individual heats from Eqs. (1) and (2) is
r ° r m

illustrated in Figs. 3.14 through 3.21. These figures indicate that

models with 5 predict the experimental data much better than the models

without S . Figures 3.22 through 3.24 compare experimental and predicted

values of t and e for a fixed stress and temperature. Again the
r m

generalized model, Eqs. (1) and (2), predicts excellently the observed

trends.

Equations (1) and (2) can be used to predict the average, minimum,

and maximum properties, based on corresponding values of S. The mean

value of S as a function of temperature for type 304 stainless steel was

predicted from:

S = 639.2 - 1.813 T + 0.00525 T 2 - 5.068 x 10-6 T 3 (5)
u co c
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Table 3.3. Summary of the Coefficient of Determination
(i?2) and Standard Error of Estimate (SEE) for ORNL

Data on Type 304 Stainless Steel

Model Equation
Data

Points
Property

R2 SEE
(%) (log tp) or (log em)
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u

(3)

(1)

(4)

(2)
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Fig. 3.14. Comparison of Experimental Time to Rupture with Values
Computed from Models With and Without Elevated Temperature Ultimate
Temperature Strength (Su) for 25-mm (1-in.) Plate of Reannealed Reference
Heat of Type 304 Stainless Steel.
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for Su in MPa and Tc in °C' Thls ecluation was taken from a recent report
by Sikka et al. " and derived from data for reannealed material from the

same heats used to develop Eqs. (1) and (2). The standard error of

estimate (SEE) for Eq. (5) for 135 data points was 23.4 MPa (3.39 ksi).

The maximum and minimum values of S were arbitrarily defined as the

predicted mean value plus or minus twice the SEE: S ±46.8 MPa
u

^Su ± 6'79 ksi)' Although arbitrary, such a definition of maximum and
minimum has been found to give values close to those obtained by central

tolerance limits (P = 0.90, A = 0.95).

Figures 3.25 and 3.26 compare the predicted maximum, average, and

minimum values of tp and e^ from Eqs. (1) and (2) and the ORNL experimental
data on 20 heats of type 304 stainless steel. The total heat-to-heat

variations in tp and &m are bounded by the predicted maximum and minimum
from corresponding values of S .

Figure 3.27 compares the Japanese (NRIM)x5 heat-to-heat variation

data for nine heats of type 304 stainless steel with the predicted maximum-

minimum band from Eq. (1). The average and ± 2 SEE values were obtained

from Sikka and Booker.12 These values were obtained at a strain rate

of 1.25 x 10~ /sec and therefore were corrected to a strain rate of

6.67 x 10- /sec, which was used in the derivation of Eqs. (1) and (2).
The strain rate correction was made based on the method discussed by
Sikka et al. "* It can again be noted that the predicted maximum-minimum
band encloses the observed variations in the data for test temperatures
in the range from 600 to 700°C (1112-1293°F). Thus, we have shown that

Eqs. (1) and (2) are not only accurate for ORNL data, but can also be
extended to Japanese data.15

Booker and Sikka 6 have developed a creep equation that incorporates

heat-to-heat variations through elevated-temperature ultimate tensile

strength. This model is described in Sect. 3.2.4. The S ±46.8 MPa
u

(su ± 6.79 ksi) numbers were inserted into this creep equation to compute
average, maximum, and minimum creep curves. The comparison between

predicted and experimental curves for short-term tests is illustrated in

Fig. 3.12(a) and (b). The comparison for individual heats and long-term

creep curves is illustrated in Figs. 3.28 through 3.30.



105

ORNL- DWG 74-13095R2

' 1 I'M

HEAT

1 ITTTTH

HEAT

T T nTT'TT

HEAT

T T"l TTTTTT T" T T HTTT

HEAT

i 086 6 414 1' 796 16 926

2 187 7 544 '2 807 17 797

200 — 3 283 8 551 '3 813 18 737

4 330 9 697 '4 845 19 390

5 380 '0 '79 15 866 20 1 21

100 -
"~ ^~Jf> TEST TEMPERATURE ~

50 =

,„, ~^ 1 538°C (1000°F>

-^ i=^Ctl!r!~,3

PREDICTED ~~~- -CT-~-^j-^--^
20

lo>

lil

Icl

MAXIMUM

AVERAGE

MINIMUM

ASME CODE CASE 1592~ •— ^~~
MINIMUM ^-.^"^

in 1 III ..II

10

100

' ' I ll'HI ' i i mill i i i min i 11 Mm
-^„^ TEST TEMPERATURE -

10. 13,19.14 593°C (110CF)
^-^(0) "~~~-.^._ 4-' ' 20 -10

^{C) ^0^\
<--~ IS 18

3- -& 1 ' -'J r8'6^ "•^•^^c^-^a ~^~M , I6+--'6' rl3
^^^^^^^r"— UK ~

2,9-
12-

~ 17-
j!,^!^^^^^^'^?--^

15 i7- 3 ^^^T^So-sT
ASME CODE CASE 159?-»^"S"""5

i iiiii„MIN',MVf ,iimi Tt-TIhu

XASME CODE CASE 4.17
1592 MINIMUM

593°C (1I00°F)

2>^,.

^ 9ft6—M^-^Lur
I IMIII I I lllllll I I Mill i i>mu

I I Mill I I IMIII
TEST TEMPERATURE
649°C (I200'F)

o ORNL

a HEDL DATA ON HEAT 697

OPEN SYMBOLS ARE FOR REANNEALED CONDITION
FILLED SYMBOLS ARE FOR AS RECEIVED CONDITION

UK-REFERS TO 2- in. PLATE

11 R- REFERS TO %-,n. BAR
ARROW INDICATES TEST IN PROGRESS

OF HEAT 796

I I I llllll i i Mini I I Minn I l I nil
10°

min

TIME TO RUPTURE I hr)
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ORNL-DWG 76-11954

Fig. 3.30. Comparison Between Experimental and Predicted Creep
Curves for Three Heats of Type 304 Stainless Steel.

Thus, we have shown that the t and e models and the creep equation

containing elevated-temperature ultimate tensile strength describe the

behavior of an individual heat and the average, minimum, and maximum

behavior of 20 heats of type 304 stainless steel.

3.2.4 Materials Behavior in Support of Development and Evaluation of
Failure Criteria for Materials — Development of Creep Equation
for Type 304 Stainless Steel — M. K. Booker and V. K. Sikka

Progress toward developing an analytical representation of the creep

strain-time behavior has been reported previously. 17,18 Final results

can be found in ref. 16.

The basic strain-time equation form chosen1 was the simple rational

polynomial equation. The basic properties of that equation are described

elsewhere.* 9

As used here, the rational polynomial equation is expressed as:

e =
c 1 + pt m ' (1)
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where e = the creep strain,

t = the time,

e = the minimum creep rate (%/hr), and
m

C = the limiting value of the transient primary term.

The parameter p is related to the sharpness of the curvature of the

primary creep region. From Eq. (1) the instantaneous creep rate e is

given by

%=cT^tT +*m ™

and the initial creep rate So is given by

e0 = Cp + em . (3)

Figure 3.31 summarizes the properties of the equation.

Next, we evaluated the stress and temperature dependence of the

parameters C, p, and e , using basically the method described last

quarter. 8 One of the advantages of the current equation form is that it

includes an explicit minimum creep rate term. While analytical fits of

Eq, (1) to experimental curves will in general yield slightly different

values of & than graphical measurements, this difference is insignificant

in comparison with the overall uncertainty in creep strain-time

predictions. Thus, the approach here has been to gather all available

minimum creep rate data and to use these data to express & as a function

of stress and temperature.

From Fig. 3.31 it can easily be verified that the value of C (%) is

given by:

C = e3 - e t3 , (4)
m

where e-$ and t% are the strain (%) and time to the onset of tertiary

creep (hr), respectively. Methods for the calculation of e-$ and t% have

been previously reported,20'21 Those results, illustrated in Figs. 3.32

and 3.33, found for type 304 stainless steel the relationships
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U = 0.685t
0 -9 68 (5)

and

e3 = e3/t3 = Llle.0*97"
m

(6)

Equations (5) and (6) in turn yield

e3 = s3t3 = o.760em°-971|t2,0-968 (7)

Equations (5) through (7) are independent of heat-to-heat and temperature

variations.

After the results of previous investigators, ' we expressed the

initial creep rate as a function of the minimum creep rate. Several

relationships were examined, the one chosen as optimum being

e0 = 3.435 °-80 ,
m *

(8)
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as illustrated in Fig. 3.34. Then, Eq. (3) gives the parameter p (hr-1)

as

V =

(eo — 'e )
m

(9)

Thus, with the aid of Eqs. (4) through (9) the entire creep equation

can be determined from values of only e and t .
m r

The creep data used in this analysis were obtained from the

experimental program for several heats of material described by Sikka

et al, including the data reported by Swindeman. 2"*>25
Pipe, plate, and

bar materials were used, while all material was laboratory reannealed. A

full discussion of the data used is given elsewhere.2
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3.2.4.1 Analysis of Rupture and Minimum Creep Rate Data

The available rupture data (205 points) and minimum creep rate data

(226 points) were subjected to a systematic analysis involving a

generalized set of algebraic models for log e and log t as functions of

stress a, temperature T, and ultimate tensile strength U. The tensile

strengths used were for a given heat at the given temperature, and were

included in an attempt to reduce the substantial heat-to-heat variations

in properties of this material, We found that ultimate tensile strength

is significantly reflected in the creep and rupture strength for this

material, consistent with other results,9'10'26 However, it must be

realized that tensile strength is a function of strain rate and testing

technique in the temperature range where creep is important. Thus,

although a wide range of data is available for this material, for the

purposes of the present study only the data described above were used,

since a consistent set of tensile data was available for those same

heats of material.

The final choices of models were based on

1, least squares fits to the entire set of data,

2, predictions of long-time (t > 2000 hr) or low-rate (e < 0.001%/hr)

data from fits to short-time or high-rate data, and

3, simplicity and physical reasonableness of the models.

The entire modeling procedure is described in detail elsewhere.2 As

illustrated in Figs. 3.35 and 3.36, the final models chosen were

and

log t = 5.716 - 3915 (log o)/T + 32.60U/T - 0,007303t/ log O (10)

log e = -2.765 + 3346 (log a)/T - 51MVIT + 0.0616J. log O (11)
m

for a and U in MPa and T in K. Interestingly, Eqs, (10) and (11) are of

the same form, both being linear in log a and log t . They may be

evaluated for a given heat of material if the ultimate tensile strength
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at the temperature desired is known. Mean values of U as a function of

temperature used here were predicted from

U = 639.2 - 1.813T + 0,005257 2 + 5.068 x 10~6T 3 (12)
CO c

for U in MPa and T in °C. This equation, adapted from ref, 14, was

derived from data for reannealed material from the same heats used in

developing Eqs. (10) and (11). Equations (10) through (12) apply to

tensile data measured at a constant strain rate of about 6.7 x 10" /sec.

The standard error of estimate of Eq. (12) for 135 data was 23.4 MPa.

Maximum and minimum values of U (such as those used in constructing

Figs. 3.35 and 3,36) were arbitrarily defined as the predicted mean value

plus or minus two standard errors (U ± 46.8 MPa).

3.2.4.2 Evaluation of Creep Equation Parameters

Using the method described above, Eqs. (10) through (12) allow an

evaluation of the dependence of the parameters C, p, and e upon stress,

temperature, and relative strength of a given heat of material (as

reflected by the ultimate tensile strength). Figure 3.37 illustrates the

predicted behavior of these parameters for the 51-mm-thick plate of

heat 9T2796, a relatively weak heat. The predictions used values of

ultimate tensile strength for this heat of material from McCoy.27 The
data shown were obtained from fits of Eq. (1) to individual creep curves

made by the semigraphical procedure described in ref. 2, after that

discussed by Oding.28 Included in Fig. 3.37(c) are data21* and predictions

for heat 8043813, a relatively strong heat.

Several points are apparent from Fig. 3.37. First, the scatter in

the data is large (thus the second objection above to previous evaluation

procedures). Second, although the current equations were developed from

a large multiheat data base, the predictions still appear to capture the

trends in the behavior for a given heat and to reflect to some degree the

effect of heat-to-heat variations. It should also be noted that the data

shown in Fig. 3.37 are primarily from long-term, low-stress creep tests

that had not entered the tertiary creep region. Thus, using the current
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method, we did not use the data from most of these tests in determining

the various equation constants other than p. The comparisons in Fig. 3.37

are therefore primarily extrapolations. Considering this fact, the

comparison is quite good. Figure 3.38 illustrates the capability for
prediction of heat-to-heat variations in rupture life for these same
two heats of material. Clearly, the current models cannot yield precise

fits to every individual heat of material. However, Figs. 3.35 and 3.36
show that the current models do provide a good fit to the mass of

available data, while Figs. 3.37(c) and 3.38 show that these models

somewhat reduce the uncertainty in predictions due to heat-to-heat

variations.
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Fig. 3.38. Prediction of Heat-to-Heat Variations in Rupture Life for
Two Heats of Type 304 Stainless Steel, Including Experimental Data.

The most meaningful criterion for judging a creep equation is its

ability to predict reasonable values for creep strain for a given heat

of material under a given loading condition. Figure 3.39 illustrates

predictions of individual creep curves for heats 9T2796 and 8043813 from
q

the current equation. Also shown are predictions from Blackburn.

Clearly, the current equation more accurately depicts the strain-time

behavior of the heats shown, since it does reflect heat-to-heat

variation. It should be noted that the data used in establishing the

current predictions were almost exclusively from tests conducted at

temperatures of 538°C (1000°F) and above. However, creep in this material



< 4

0.
uj

UJ

or

o

(a)

120

ORNL-DWG 76-10223

PREDICTED CURVE FROM
BLACKBURN EQUATION

HEAT 8043813

TYPE 304 STAINLESS STEEL

593°C (1100°F)-207MPo(30ksi)

POINTS ARE EXPERIMENTAL DATA

o HEAT 9T2796, 51-mm PLATE
HEAT 8043813

SOLID LINES PREDICTED FROM CURRENT EQUATION
1 I I I I I

200 400 600

TIME (hr)
800 1000

<
cr

(b)

ORNL-DWG 76-10224

TYPE 304 STAINLESS STEEL

_649 °C (1200 °F) - 69 MPo (10 ksi

o HEAT 9T2796, 51-mm PLATE
• HEAT 8043813

POINTS ARE EXPERIMENTAL DATA
SOLID LINES PREDICTED FROM CURRENT EQUATION

9

*«£
9^ •c 9&

HEAT 8043813-

PREDICTED CURVE FROM
BLACKBURN EQUATION

2 3 4

TIME (103 hr)

Fig. 3.39. Comparison of Predictions with Experimental Creep Curves
for Two Heats of Type 304 Stainless Steel, Including Predictions of
Average Behavior from the Current Equation and from the Blackburn Equation,
(a) 593°C, 207 MPa; (b) 649°C, 69 MPa.



121

has been recognized as important at temperatures down to 427°C (800°F),

so that the predictions must be extrapolated downward in temperature.

Extensive data at such low temperatures are available only for heat

9T2796. Comparisons between the predictions and data at 482°C (900°F)

yielded good results. However, limited data indicate the presence of

much more creep than predicted at 427°C (800°F). In fact, there is

evidence that this material may creep even more at 427°C than at 482°C

(see Fig. 3.40), 'Therefore, we recommend that the predictions at 482°C

be used in the range 427 to 482°C, in view of this behavior. (This

effect is not yet fully understood, but it may be related to some type

of strain aging phenomenon.)
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3.2.4.3 Isochronous Stress-Strain Curves

One of the most useful forms of displaying creep strain-time behavior

is the isochronous stress-strain curve. Various methods exist for the

construction of such curves, many of which are summarized in ref. 29.

Equation (1), with the constants C, p, and e defined by Eqs. (4),

(9), and (11), can easily be used to calculate the creep strain accumulated
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in a given time at a given stress and temperature. Thus, given an

estimate of the instantaneous strain incurred upon loading, one can

develop isochronous stress-strain curves from the equation. This loading

strain can be adequately found from monotonic tensile stress-strain curves.

The monotonic tensile stress-strain behavior of this material can

be described by:

C'p'e
(a - a0) = , .• -P + h e , (13)

1 + p e m p

where a is the stress (MPa), e the plastic strain, and 0"o corresponds

to the proportional limit. The value of Oo can well be estimated by

0.50 , where O is the 0.002-offset yield strength. The constant h is
y y m

approximately 2586 MPa, while p is given by 500C. The value of C is

determined by the criterion that 0 = 0 for e = 0.002. Interestingly,

Eq, (13) is of the same form as Eq. (1), reflecting the great flexibility

of this equation. Since a knowledge of stress and Young's modulus yields

the magnitude of the elastic strain, Eq. (13) can be used to calculate

the total strain corresponding to a given stress. A full description of

our analysis of stress-strain behavior is given in another report.

Equations (1) and (13) were combined to calculate isochronous stress-

strain curves as shown in Fig. 3.41. Average, maximum, and minimum creep

strength curves were calculated by using the corresponding values of

tensile strength from Eq. (12) as above. For all cases shown in Fig. 3.41,

the loading strains were calculated by use of average yield strengths

from ref. 14 for as-received material, to allow comparison with the

results of ref. 3. Thus, all variations shown are due to the effects of

creep strength only.

Figure 3.41 shows considerable differences between the current

results and those of ref. 3. Since the current method allows one to

calculate a series of isochronous curves for different heats of material,

it is generally expected to be more accurate for a given heat of material.

Ac 538°C (1000°F) and below, the results of ref. 3 sometimes fall even

below the current minimum predictions. However, on the basis of
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available low-temperature data (427—538°C) we feel that our results are

the more realistic of the two.

Finally, for comparison, two alternate methods were used to construct

isochronous curves for the heat 9T2796 51-mm plate. First, the times to

accumulation of given amounts of creep strain t were analyzed by

parametric techniques similar to those commonly used for rupture data.

This method is similar to the one described in ref. 31. No extensive

modeling was attempted, although we did fit several standard time-

temperature parameters to data for 0.1, 0.25, 0.5, 1, 1.5, and 2% creep

strain. The best overall results were obtained by a simple Larson-

Miller32 parameter of the form

log tx =a0 +^2fUI +f. , (14)

where ao, ai, and tt2 were estimated by least squares methods at each of

the above levels of creep strain. Equation (14) allows one to calculate

the stress that will cause a given amount of creep strain at a given

time and temperature. Using this stress, one can then use Eq. (13) and

Young's modulus to calculate isochronous stress-strain curves.

Finally, isochronous curves at 593°C (1100°F) were constructed by

use of a form of the Rabotnov 3 parameter. At a given level of strain

(loading plus creep), this parameter is given by

4>(e) = a(l + at1/3) , (15)

where a and t are again the stress and time, (J> is the parameter, and a is

a constant. We used stress values from the above-mentioned monotonic

tensile stress-strain curves for <j) and assumed the time exponent of 1/3.

Attempts at determining ((> and the exponent by least squares methods,

such as was done by Goldhoff,31* yielded poor results due to insufficient

data. Having thus determined (J) and the time exponent, we obtain the

value of a for a given stress by

"=(*-!>'/3 (16)
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Applying this equation at various points along the experimental creep

curves showed that a varied both with stress and strain, rather than

being constant, However, we assumed a somewhat average value of a = 0.01

for use in further calculations.

Figure 3.42 compares the results obtained by each of these three

methods at 593°C (1100°F) for this heat of material. The monotonic

tensile curve used to construct the isochronous curves in Fig. 3.42 was

based on Eq. (13) using the yield strength for reannealed material from

this heat, Reannealing generally lowers the yield strength of type 304

stainless steel by about 35 MPa (5.1 ksi) from that in the as-received

condition, although the tensile strength and creep strength are not

greatly affected,1"1'35 Tensile properties of reannealed material were

used in constructing Fig. 3.42 since the Rabotnov parameter always

involves total strain, not separate analysis of creep and loading strain.

For this reason, the tensile and creep properties should preferably

refer to the same material condition. The three methods illustrated in

Fig. 3.42 yield similar results, although the creep equation is preferred

since it has a wider range of uses than the other methods.

0.8 1.2

STRAIN (%)

ORNL-DWG 76-«0229

Fig. 3.42. Isochronous Stress-Strain Curves at 593°C for Heat 9T2796,
51-mm Plate Predicted by Various Methods.
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3.2.4,4 Variable Load and Relaxation Behavior

Actual design applications will seldom involve simple constant-load

situations. Various system transients and other effects will result in

repeated changes of stress or temperature or both. Also, many loading

situations involve constant-strain stress relaxation rather than constant-

load creep straining. To be ot full use, a creep equation must provide

some means of accounting for such situations. Little study has been

done of variable temperature behavior, but the current equation has been

used to predict variable load and relaxation behavior. These predictions

have shown good comparison with experimental results.

Currently recommended design rules36 suggest that the hypothesis

of strain hardening be used to evaluate the behavior of type 304 stainless

under variable, nonreversed stress conditions (of which relaxation is a

special case), Equation (1) can be solved explicitly for time, yielding

e v —Cp —e + /(Cp + e — e p)z + keve
t = . _ _ . (17)

r m

Thus Eqs. (1) and (17) combined provide a simple, convenient method of

predicting behavior by the strain hardening approach. Figure 3.43

illustrates a prediction made from the current equation for a variable-

load creep test for heat 8043813, while Fig. 3.44 shows results obtained

in predicting relaxation behavior for heat 9T2796 (25-mm plate). The

predictions show good agreement with experimental data.

3.2.4.5 Limitations

The design lifetimes of operating systems are typically of the order

of 30 years, necessitating many design calculations based on

extrapolations beyond the time-stress-temperature regime where actual

experimental data are available. Such extrapolations must be made with

caution, however. Specific limitations on the applicability of the creep

equation presented here are as follows:

1. time less than the time to the onset of tertiary creep,

2. temperature in the range 427-704°C (800-1300°F), and
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3. ultimate tensile strength within 23.4 MPa of the average strength at

temperature as defined by Eq. (12).

In addition, Fig. 3.37(b) shows the parameter C to exhibit a maximum with

stress, the stress at the maximum, a , becoming smaller at higher

temperatures. This behavior is consistent with previous results for both

types 304 (ref. 24) and 316 (ref. 37) stainless steel. However, to

avoid any possible analytical difficulties, the value of a can be taken

as the maximum applicable stress. Table 3.4 gives the values of O at

various temperatures. The ranges shown are for minimum (lower values)

to maximum strength material. Otherwise, a stress of 414 MPa (the

specified minimum room-temperature ultimate tensile strength for this

material) is the maximum stress limit. All values of a from Table 3.4
c

are relatively high, well above the range of most design applications.

In addition, Eq. (6) predicts e > e3 for values of e > 55.36%/hr.
m m

However, this anomaly occurs at stresses higher than those cited above

and does not affect the stated limits. The equation is analytically

valid to zero stress as the lower limit.

Table 3.4. Stress Values Corresponding to Maximum
Values of the Parameter C

Temperature
Stress, for Different Strength Materials

(°C) (°F)
Minimum Strength Maximum Strength

(MPa) (ksi) (MPa) (ksi)

427 800 >414 >60 >414 >60

482 900 >414 >60 >414 >60

538 1000 365 53 >414 >60

593 1100 241 35 407 59

649 1200 138 20 255 37

704 1300 41 6 124 18
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3.2.5 Computerized Data Management System -- M, K, Booker and B.L.P. Booker*

The ORNL Mechanical Properties Data Storage and Retrieval System

(DSRS) has been expanded to include capabilities for the storage,

retrieval, and analysis of subcritical crack growth data. Initial data

input has begun, with the results from 53 tests now stored on line. Over

8000 mechanical properties tests are now stored in the system.

Development of computer programs to increase the power and flexibility

of the system is continuing. The initial version of ADOUT, a new

generalized data output program, has been implemented. This program

allows the user to receive any of the data stored in DSRS, or various

transformations of those data, in the form of tabular output or of

punched cards,

A report detailing the development of DSRS has been issued.38 A

general description of the various aspects of the system can be found

therein.

3.2.6 Elastic Properties of Engineering Construction Materials ~
J. P. Hammond

Precise measurements show that for metals the "elastic" stress-

strain relationships are not perfectly linear, even at low stresses and

strain levels, and they become progressively more nonlinear as stress

increases. Discrepancies thus often occur between elastic constants

determined at different strain levels and rates of strain (for example,

constants determined by dynamic and static techniques).

The purpose of this program is to correlate the two separate cate

gories of elastic constants (dynamic and static) for reactor materials

of interest. Young's modulus, shear modulus, and Poisson's ratio (E, G,

and v) are being established, with specific attention given to temper

ature, preference of cystallographic orientation of grains, and other

significant test variables. This information is needed to enable more

exact and enlightened use of this class of information in engineering

design and structural verification work.

*Consultant.
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3.2.6.1 Elastic Properties Determined by Dynamic Tests — J. P. Hammond
and M. W. Moyer*

Dynamic (sonic) elastic constants are being established at room

temperature on bulk samples by the pulse-echo method (5 MHz) and

at elevated temperatures on wires by the remote magnetostrietive tech

nique39 (0.2 MHz). The modulus data, which consist of sets of 52 or

more points from room temperature to 650°C (1200°F) or higher, are

fitted with cubic polynomials by regression analysis. The equations

are of a form that normalizes the high-resolution but less accurate

elevated-temperature data to the accurate (0.1—0.4% standard error)

room-temperature values. Results are obtained as computer readout

graphs that give best estimates of the elastic property as a function

of temperature.

During the last quarter dynamic elastic constants were determined

for Hastelloy X (heat 2600-0-2735) from 24 to 1038°C. They were
determined on 19-mm-diam (3/4-in.) rod in the solution annealed condi

tion, parallel to the working direction. Also the effects of heat-to-

heat variations on the room-temperature dynamic elastic constants of type

304 stainless steel were examined on bulk samples by the pulse-echo

method. Finally, the influence of directionality on the room-temperature

dynamic elastic constants was determined on reference heats of solution-

annealed type 304 stainless steel (heat 9T2796) and isothermally annealed

2 1/4 Cr-1 Mo steel (heat 20017) as 25-mm (1-in.) plate. The elastic

constants as a function of temperature of these heats of type 304 stain

less steel1*0 (24 to 871°C) and 2 1/4 Cr-1 Mo steel1*1 (24 to 649°C)

were reported earlier. The chemical analyses of the materials reported

on here are given in Table 3.5.

3.2.6.1.1 Elastic Constants of Hastelloy X. The polynomials

established for E, G, and V of the Hastelloy X alloy are of the usual

form:

X=X0[l +Ax(T - T0) +Bx(T -T0f +C^T -TQ)*],

laboratory Development, Oak Ridge Y-12 Plant.



Table 3.5. Chemical Compositions of Alloys in Elastic Constant Studies

Alloy, Heat

Content, wt %

C Mn Si Cr Mo Ni Nb V Ti Ta B 0 S P N

Hastelloy X

2600-0-27353 0.09 0.46 0.42 21.15 9.10 48.30 0.07 <0.01 0.001 0.004 0.015

Type 304
346845 0.057 0.92 0.53 18.4 0.10 9.28 0.010 0.050 0.008 <0.0005 0.0002 0.0092 0.006 0.023 0.024

346544 0.063 0.99 0.47 18.4 0.2 9.12 0.0050 0.025 0.017 0.0006 0.0002 0.0081 0.006 0.023 0.019

X22807 0.029 1.26 0.50 18.8 0.20 9.67 0.0015 0.012 0.002 <0.0005 0.0005 0.010 0.023 0.024 0.021

9T2796 0.047 1.22 0.47 18.5 0.10 9.58 0.008 0.037 0.008 <0.0005 0.0110 0.012 0.029 0.031

Type 316

809229 7 0.057 1.86 0.58 17.25 2.34 13.48 <0.01 0.02 <0.01 0.0005 0.019 0.024 0.030

2 1/4 Cr-1 Mo 0.135 0.57 0.37 2.5 0.92 0.16 0.016 0.012

Plus 18.80% Fe and 0.45% W.
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X = the property (E, G, or v),

X0 = same at 24°C (75°F),

T = temperature in °C or °F,

To = 24°C (75°F) and

A , B , and C = constants.
x' x x

The coefficients for the polynomials and standard deviations of fit of

data are given in Table 3.6, while graphical displays of the equations

with the data points superimposed are presented in Fig. 3.45. The room-

temperature elastic constants of Hastelloy X, to which the elevated-

temperature properties were normalized are:

E = 202.1 ± 0.4 GPa

= 29.31 x IO6 ± 0,06 x IO6 psi
G = 77.25 ± 0.15 GPa

= 11.20 x IO6 ± 0.02 x io6 psi

V = 0.3081 ± 0.0006

The elastic properties estimated with the polynomials at 24°C (75°F)

and at 28°C (50°F) intervals from 38°C (100°F) to 1038°C (1900°F) are

given in Table 3.7.

The dynamic Young's and shear moduli of Hastelloy X (Figure 3.45)

decrease nearly linearly with temperature, whereas Poison's ratio

increases as expected. The slope of the Poison's curve increases at

an increasing rate with temperature, tending toward a value of 0.5 at

melting.

3.2.6.1,2 Effects of Heat-To-Heat Variations on the Elastic

Constants of Type 304 Stainless Steel. To evaluate the effects of heat-

to-heat variations on the room-temperature elastic constants of type 304

stainless steel, we selected three heats as plates for examination. To

minimize the influence of any preferred crystallographic orientations,

plates of comparatively heavy thickness, 51 to 70 mm (2—2.75 in.), were



Table 3.6. Coefficients for Polynomial Fit to Elastic Constants of Hastelloy X

Values of Coefficients

Constant X0 Ax, "C-1 Bx, °C~2 Cx, °C~3 Std Dev of Fit

E {29?31 xP10* psi -2.75322X10- -5.50494 xIO"8 ^.74537 x10— {j^f^ psl

G £;20Gxai06 Psi "2-8"29 X10" ^'43667 X10"8 -1-08062 X10_11 {^VX* psi
v 0.3081 7.47238 x 10-5 -7.43135 x IO"9 1.32382 x 10"10 1.7 x 10"1*

aT0 = 24°C.
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Fig. 3.45. Dynamic Elastic Constants of Hastelloy X, Heat 2600-0-
2735.
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employed, and specimens were cut parallel to the metal rolling direction

at comparable depths.

Table 3.8 presents the elastic constants (E, G, and v) of the heats

for the mill annealed and reannealed conditions with average standard

errors for their determination and maximum differences in constants

between heats, for comparison. The tolerance values given for the

individual determinations are standard errors. Heats of high, medium,

and low yield strength in the as-received condition were selected to

check any correlation of properties with strength, but upon reannealing

the order of strength was altered as noted in the table.

Table 3.8. Effects of Heat-to-Heat Variations and Metal Condition

on Dynamic Elastic Constants3 of Type 304 Stainless Steel
at Room Temperature

Heat

Thickness Yield

of Plate Strength
(mm) (MPa)13

Modulus, GPab

E G V

Mill Annealed

845

544

807

70 36.0

51 35.5

64 33.2

200.7 ± 0.9

201.1 ± 0.1

200.0 ± 0.6

77.93

78.04

77.53

±

±

±

0.22

0.07

0.09

0.2878

0.2885

0.2901

+

+

+

0.0012

0.0003

0.0008

av std

max di

error, three heats

rference between heats

0.26%

0.55%

Reannealed

0.15%

0.77%

0.26%

0.79%

845

544

807

70 29.7

51 31.3

64 27.0

201.4 ± 0.4

201.2 ± 0.7

200.9 ± 0.7

78.26

78.14

78.01

±

±

±

0.12

0.07

0.14

0.2868

0.2876

0.2876

+

+

+

0.0006

0.0008

0.0009

av std error, three heats

max difference between heats

0.28%

0.24%

0.14%

0.26%

0.27%

0.28%

796*:
29 7d

25

25

200.1 ± 0.3

198.0 ± 0.8

77.51

76.74

±

±

0.13

0.16

0.2905

0.2901

+

+

0.0005

0.0011

Specimen axis aligned parallel to rolling direction.

To convert to psi, multiply GPa values by 1.450 x io5, MPa by 145.0.

Solution annealed.

Type 316, solution annealed (for comparison).
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For comparison, the constants of type 304 (heat 9T2796) and type 316

stainless steel (heat 8092297), both as 25-mm (1-in.) solution annealed

plate, are listed at the bottom of Table 3.8. To aid the interpreta

tion of results, the individual values of the constants with magnitude

of average standard errors for their determination are shown graphically

in Fig. 3.46.

OPEN POINTS = SOLUTION ANNEALED

FILLED POINTS = MILL ANNEALED

1=70mm TYPE 304 (HEAT 845)

2=51mm TYPE 304 (HEAT 544)

3 =64mm TYPE 304 (HEAT 807)

4=25mm TYPE 304 (HEAT 796)

5= 25mm TYPE 316 (HEAT 297)

76

ORNL-DWG 76-11892

Essa = |% DIFFERENCE

BETWEEN DATA POINTS

1=1 =AVG STD ERROR FOR

HEATS 1,2, AND 3, SOLUTION

ANNEALED

•m =AVG STD ERROR FOR

HEATS 1,2, AND 3, MILL

ANNEALED

(xlO6)

0.290

•

o

1

•
0

1

•

0

1
A

0 | D |-

0.285

1 1 1
,

1

—

2 3

HEATS

STANDARD

ERROR

Fig. 3.46. Graphical Comparisons of Elastic Constants of Type 304
Stainless Steels.

Observe that the maximum difference in constants between the three

heats of type 304 selected for comparison in each instance was less

than 0.8% for the mill annealed condition and less than 0.3% for the

reannealed (see Table 3.8). The latter spread was hardly larger than
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the standard errors for determining the constants, which ranged in

value from only 0.14 to 0.28%. In all instances, the Young's and shear

moduli for the reannealed condition exceeded that for the mill annealed,

whereas for Poisson's ratio the relationship was reversed (see Fig. 3.46),

although in some cases the differences were very small.

The elastic constants of the materials failed to show any correla

tion with the yield strength data, although this is not surprising in

view of the rather shallow spread of elastic constants between heats in

relation to magnitude of the standard error for determining them. The

Young's and shear moduli for the solution annealed type 304 stainless

plate of 25-mm thickness (heat 9T2796) was somewhat lower than those

solution annealed plates of heavier thickness, while that for the solu

tion annealed type 316 stainless plate was somewhat lower yet. The

Poisson's ratios for the latter materials, on the other hand, ran higher.

As will be shown subsequently, heat 9T2796 displayed significant

anisotropy of elastic constants, and it is likely that the lower moduli

of the 25-mm plate stem from a small degree of crystallographic pre-

ferredness in its grain structure.

The other trends observed in the constant values can be ration

alized simply in terms of lattice strain, although several of the differ

ences in values to be noted are not very appreciable. If it is considered

that lattice stiffness is greatest when atoms or lattice ions are located

at their equilibrium positions — that is, binding forces diminish as

atoms are strained out of their energy troughs — then the results are

correlatable. Accordingly, the modulus values should be higher for the

materials in the reannealed condition than for the mill annealed, where,

as a result of final finish rolling or straightening operations, elastic

as well as plastic strains are left within the lattice. The lower

modulus values for the heats in the mill annealed state as compared with

the reannealed then result from atoms being strained out of their equi

librium sites, where binding forces are diminished.

The low values of the moduli for the solution annealed type 316

stainless steel in relation to those for solution annealed type 304 may

be attributed to lattice strain introduced in type 316 as a result its
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molybdenum solute additive, present at a level of 2.34% (see Table 3.5).

Based upon lattice cell size, the atomic diameters of the principal

elements of type 304 stainless steel (i.e., Fe, Ni, and Cr) are all

within about 1% of one another, whereas the diameter of molydenum is

about 10% higher. The atomic diameters of Fe, Ni, Cr, and Mo are 2.48,

2,49, 2,50, and 2.73 A, respectively. Thus variations of composition

within the type 304 stainless steel specification should little influ

ence its elastic constants, whereas introduction of molydenum or

variations in the concentration of molydenum in the type 316 stainless

steel should significantly affect the constants.

Observe in Table 3.8 that this pattern of behavior is precisely

what occurred. For example, heat-to-heat variations for the solution

annealed type 304 changed the Young's modulus only 0.24%, whereas intro

duction of molydenum, as represented by comparing the Young's modulus

for the solution annealed type 316 stainless steel, reduced Young's

modulus by approximately 1.6%.

3.2.6.1.3 Directionality of Elastic Constants in Plates of Type 304

Stainless Steel and 2 1/4 Cr-1 Mo Steel. The elastic constants

established for the principal directions in 25-mm-thick plates of solution

annealed type 304 stainless steel and isothermally annealed 2 1/4 Cr-1 Mo

steel are presented in Table 3.9. The percent difference in the

individual elastic constants with direction in the plate and average

standard error values for determining the constants are given at the

bottom of the table. Again standard error values for the individual

determinations are listed as tolerances.

Observe that whereas the variation in elastic constants with direc

tion in the type 304 stainless steel was substantial (amounting to as

much as 5 to over 10 times the average standard errors for their deter

mination), the variation in constants in the 2 1/4 Cr-1 Mo steel was

small in comparison. In the instance of the Young's modulus of

2 1/4 Cr-1 Mo steel the difference barely exceeded the average standard

error. The substantial variation in elastic constants with direction

in the type 304 stainless steel plate was considered to result princi

pally from a condition of preferred crystallographic grain orientation



Table 3.9. Variation of Dynamic Elastic Constants with Direction in 25-mm-Thick Plates of
Type 304 Stainless Steel and 2 1/4 Cr-1 Mo Steel

Orientation
Type 304b 2 1/4 Cr-1 Mo

c

of Specimen
Axis E A

(GPa)"
G A

(GPa)" V E A
(GPa)0

G A
(GPa)" V

II to RD 200.1 ± 0.3 77.51 + 0.13 0.2905 ± 0 0005 214.5 ± 0 2 83.66 ± 0.07 0 2819 + 0 0003

45° to RD in RP 197.8 ± 0.9 76.15 ± 0.07 0.2986 ± 0 .0010

90° to RD in RP 202.3 + 0.6 78.95 ± 0.2 0.2813 ± 0 0010 213.8 + 1 3 83.23 ± 0.65 0 2842 + 0 .0024 4>

J_ to RP 200.0 ± 1.6 77.57 ± 0.8 0.2888 ± 0 .0031 214.4 ± 0 5 83.52 + 0.20 0 2837 + 0 .0008

av std error 0.42% 0.39% 0.47% 0.30% 0.35% 0 34%

max difference 2.24% 3.55% 5.79% 0.33% 0.52% 0 83%

max difference 1.12% 1.83% 3.15%

a|| = parallel; RD = rolling direction; RP = rolling plane; J_ = perpendicular.
Heat 796, solution annealed.

o
Heat 017, isothermally annealed.

To convert to ksi, multiply by 1.450 x 10s.

eWith axis 45° to RD excluded.
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introduced during its metalworking and annealing operations. Kikuchi

has shown that the elastic constants at room temperature can vary by a

factor of 3.1 with crystallographic direction in single crystals of

type 305 (18 Cr-12 Ni) stainless steel. For example, the E values

varied as follows:

(ill), 314 GPa; (lOo), 101 GPa; (lio), 206 GPa.

Therefore, to account for the variation of elastic constants with direc

tion, or lack thereof, in our materials, we assess the preferred crystal

lographic conditions in the respective materials. This was done by

x-ray diffraction by establishing the relative intensities of x-ray

reflections from the (111), (110), and (100) planes when normal to the

specimen axes, for the differently oriented samples. To enable compar

isons between samples and plane families, the x-ray reflections were

normalized to intensities for random grain orientations established with

powder samples of the materials.

This analysis gave equivalent principal plane [(110), (110), and

(100)] reflection intensities between sample orientations for the

2 1/4 Cr-1 Mo steel but significantly different intensities in the case

of the type 304 stainless steel, indicating an essentially random

crystallographic grain orientation in the former material and a moder

ately preferred one for the latter. The fact that the 2 1/4 Cr-1 Mo

steel failed to reveal any appreciable anisotropy of elastic constants

with direction in the plate was attributed to the allotropic crystal

lographic transformation associated with such ferrous alloys. With

cycling through the phase transformation range that occurs with the

metalworking and heat-treating operations for this material, refinement

and crystallographic randomization of grain structure occur.
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3.3 MECHANICAL AND METALLURGICAL BEHAVIOR OF WELDMENTS FOR LMFBR -
P. Patriarca, G. M. Slaughter, W. R. Martin, and C. R. Brinkman

3.3.1 Effect of Postweld Heat Treatment and Creep Prestraining on the
Creep-Rupture Behavior of Type 308 Stainless Steel Submerged-Arc
Welds - E. Boiling and R. T. King

Two related creep experiments at 649°C are being performed on a

single type 308 stainless steel weld made by the submerged-arc process

in 51-mm-thick (2-in.) type 304 stainless steel plate. First, the

creep-rupture properties at 138 and 172 MPa (20 and 25 ksi) of as-

deposited longitudinal weld and transverse weldment specimens are being

compared with those of longitudinal weld and transverse weldment speci

mens that have been heat-treated for 4 hr at 607 or 982°C (1125 or

1800°F) in air. The rationale for expecting the latter heat treatment

to partially dissolve and agglomerate ferrite, thereby reducing the

continuity of sigma phase formed in testing and improving ductility, has

been discussed in an earlier report.1*3 The materials and testing methods

for this experiment were also presented in the earlier report.43 A

second experiment is aimed at examining whether prestraining in creep at

649°C at low stress [110 or 124 MPa (16 or 18 ksi)] for short fractions

of the rupture life has a detrimental effect on ductility when the stress
is increased (incremented) to cause rupture in a short time at 172 MPa.

If sigma phase is formed at low stress, then incrementally stressed

specimens should be less ductile than specimens ruptured in short time

without prestrain. The testing in the second experiment was performed

by methods identical to those used in the first experiment,"*3 except that

the load was incremented at temperature by supporting the load train,

adding weight to the load, and continuously reapplying the load. Thus

the high-stress (172 MPa) tests from the first experiment served as

no-prestrain controls for the second experiment.

The data from all the tests are combined in Tables 3.10 and 3.11.

All terms are as defined previously.1*3 The basic creep-rupture data

are combined in Figs. 3.47 through 3.50 for specimens from near the

surface (LI, Tl types) and at a position intermediate to the surface and

root pass regions (L2, T2 types). With the exception of one transverse



Table 3.10. Creep Test Times to Various Events for Type 308 Stainless Steel
Submerged-Arc Welds Tested at 649°C (1200°F)

Stress

Approximate Time, h r, to Various Events

Specimen

Orientation

and Level

End

First

Stage

End

Second

Stage

0.2%

Offset

Third

Stage

Fracture

0.5%

Creep
Strain

1%

Creep

Strain

2%

Creep

Strain

0.5%

Total

Strain

1%

Total

Strain

2%

Total

Strain

*TTT
(MPa) (ksi) t

r

As Welded

Longitudinal 1 138

172

110h172b

172b

20

25

16

25

18

25

43

1.0

82.6

6.5

211

10.2

24.3

325

15.0

48

530.6

69.1

a

95.3

a

45.0

16

0.8

255

8.5

66

2.8

20.1

195

6.8

55

0.9

0.08

59.8

8.5

31

1.2

20.1

149

5.2

55

0.61

0.22

0.57

Longitudinal 2 138

172

20

25

65.1

8.0

233.2

35.0

593.3

56.0

786.4

144.9

76.5

6.1

432.7

15.6

754.2

40.0

1.0

0.1

167.4

7

686.2

30.5

0.75

0.39

Transverse 1 138

172

20

25

202.5

2.7

473.9

30.6

695

42

757.8

113.2

92.4

4

372.7

10

740

23

13.7

0.8

215.5

6

686.8

20

0.92

0.37

Transverse 2 138

172

20

25

74.5

2.0

444.9

58.2

620

102.7

623.9

204.5

368.2

30.5

615

70.9

621

121.6

57.5

0.05

602

33.2

620

101.1

0.99

0.50

Annealec 4 hr at 607°C (1125 °F), Wat er Quenched

Longitudinal 1 138

172

20

25

73.9

1.0

370

17.5

550

22.5

72H.1

71.9

54

1.0

241

3.2

550

7.5

3.9

0.2

114

1.1

473

5.4

0.75

0.31

Longitudinal 2 138

172

20

25

100

2.4

650

31.6

800

43.5

957.0

147.9

200

5.2

622

16

902

35

12

0.25

344

6.5

845

29

0.84

0.29

Transverse 1 138

172

20

25

43.2

0.8

403.6

12.5

675

23

774.9

81.9

137

2.2

386

6.5

706

14

124

0.1

370

2.6

701

11

0.87

0.18

Transverse 2 138

172

20

25

66

7.5

839

66.2

1190

120

1190.4

217.1

791

26

1172

67

1175

123

189

1.3

1103

36

1173

105

1.00

0.55

Annealec 2 hr at 982°C (1800 'F), Wat er Quenched

Longitudinal 1 138

172

110h
172b
124^
172b

20

25

16

25

18

25

100

7.1

a

•\,4

498

25.0

-\-32

714

32.5

%39

1346.7

79.2

108.9

a

97.8

9.2

0.2

a

1.2

13

73.9

0.7

5

20

401

2.2

14

22

0.2

-*-0

1.2

^•27

13

14.6

0.01

5

20

271

0.7

14

22

0.53

0.41

0.36

•vO

Longitudinal 2 138

172

20

25

46

6

721.5

82.3

905.7

89.7

1320.4

166.2

5.2

0.4

40

1.2

386

3.5

0.3

0

6.5

0

244

0.1

0.69

0.54

Transverse 1 138

172

20

25

114.6

12

618.5

54

955

68

1278.1

112.5

5.6

0.6

193

2.1

655

7.2

-\-0 ^0

0.07

167

2.8

0.75

0.60

Transverse 2 138

172

20

25

187

27.8

803.9

107.5

1027

131.5

1973.1

211.4

9.7

0.5

64

2.2

336

6.9

0.05

•V0

10.3

•vO

181

0.9

0.52

0.62

Load increased to 172 MPa (25 ksi) after 500 hr.

Same specimen as shown on line above at lower stress. Times are measured from the time the stress was increased.

No sense can be attached to the results because the specimen strained 0.21% on load, jumped from 0.24 to 0.53% strain
between 18.4 and 35.5 hr, and then exhibited no significant strain before the load was increased.



Table 3.11. Creep Test Strain Data for Type 308 Stainless Steel
Submerged-Arc Welds Tested at 649°C (1200°F)

Specimen
Orientation

and Level

Stress

Strain, % Strain Rate, %/hr
Reduction

of Area

(%)

Total

Rupture

Time,
£

(h?)

Loading EI
Stage I

Stage II
Rupture

G
r

£Stage II
e It

r r

EIII

(MPa) (ksi)
e

Real Offset Real Offset

As Welded

Longitudinal 1 138

172

110h172b
124h
172b

20

25

16

25

18

25

0.23

0.26

0.13

0.14

0.51

0.35

0.37

0.23

0.856

1.44

0.39

1.57

2.4

0.92

7.5

29.0

a

8.2

a

0.0051

0.160

0.00048

0.020

0.0056

0.17

0.020

0.014

0.34

12.6

29.1

530.6

69.1

a

595.3

a

545.0

0.39

0.13

Longitudinal 2 138

172

20

25

0.25

0.23

0.31

0.45

0.128

0.72

0.52

1.48

6.3

15.2

0.00072

0.0261

0.0009

0.031

0.006

0.085

6.3

26.7

786.4

144.9

0.21

0.18

Transverse 1 138

172

20

25

0.18

0.24

0.45

0.34

0.28

1.67

0.68

2.46

5.0

11.2

0.0010

0.060

0.0013

0.062

0.0052

0.185

3.8

16.5

757.8

113.2

0.33

0.31

Transverse 2 138

172

20

25

0.144

0.29

0.19

0.10

0.168

0.41

0.06

0.896

3.0

6.7

0.00048

0.0075

0.0073

0.008

0.0039

0.026

2.5

8.0

623.9

204.5

0.30

0.24

Annealed 4 hr at 607°C (1125°F), Water Quenchec

Longitudinal 1 138

172

20

25

0.20

0.34

0.36

0.31

0.49

2.56

9.2

3.6

4.7

24.2

0.0016

0.157

0.0019

0.166

0.0054

0.27

4.8

33.4

728.1

71.9

0.40

0.22

Longitudinal 2 138

172

20

25

0.266

0.28

0.24

0.21

0.43

0.912

0.69

1.46

5.7

20.4

0.0008

0.031

0.0009

0.035

0.0074

0.68

5.0

25.7

957.0

147.9

0.25

0.11

Transverse 1 138

172

20

25

0.024c
0.28

0.17

0.36

0.52

0.75

1.21

1.76

5.6

14.5

0.0013

0.064

0.0002

0.079

0.0057

0.144

8.2

25.7

774.9

81.9

0.27

0.21

Transverse 2 138

172

20

25

0.16

0.25

0.12

0.17

0.22

0.45

0.46

1.04

2.5

7.5

0.00025

0.0078

0.00040

0.0093

0.0019

0.026

1.0

14.0

1190.4

217.1

0.37

0.24

Annealed 2 hr at 892°C (1800°F), Water Quenched

Longitudinal 1 138

172

110h
172b
124°
172b

20

25

16

25

18

25

0.26

0.64

0.02

0.21

0.71

2.48

0.24

0.73

0.74

3.88

2.34

1.28

5.84

3.21

9.6

33.7

a

25.3

a

27.3

0.0018

0.22

0.00023

0.106

0.0020

0.23

0.0942

0.0059

0.34

0.18

7.2

36.5

26.3

22.3

1346.7

79.2

a

608.9

a

597.8

0.29

0.33

0.2

Longitudinal 2 138

172

20

25

0.24

1.2

0.66

1.75

1.22

9.92

1.73

11.04

10.1

45.6

0.0018

0.130

0.0020

0.132

0.0060

0.23

10.9

42.4

1320.4

166.2

0.33

0.36

Transverse 1 138

172

20

25

1.00

0.53

0.60

1.72

0.73

3.2

1.36

4.53

6.9

16.5

0.0014

0.076

0.0016

0.180

0.0043

0.12

9.5

31.4

1278.1

112.5

0.52

0.52

Transverse 2 138

172

20

25

0.304

1.2

0.99

2.96

1.11

4.8

1.65

6.4

11.3

22.4

0.0018

0.060

0.0020

0.062

0.0045

0.085

8.5

46.0

1973.1

211.4

0.33

0.59

aLoad increased to 172 MPa (25 ksi) after 500 hr.

Same specimen as shown on line above at lower stress. ,

Value questionable because of apparent dial gage or specimen bending problem.

No sense can be attached to the results because the specimen strained 0.21% on load, jumped from 0.24 to 0.53% strain between
18.4 and 35.5 hr, and then exhibited no significant strain before the load was increased.
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weldment specimen that apparently failed in the heat-affected zone, all

failures were in weld metal and involved substructural separations

typical of sigma-phase-affected ruptures.

From the creep-rupture plots (Figs. 3.47 and 3.48), we estimate

that prestraining 500 hr at 110 MPa (16 ksi) consumes from 0.01 to 0.02

of the rupture time at that stress, while prestraining 500 hr at 124 MPa

(18 ksi) consumes between 0.03 and 0.05 of the rupture time at that

stress. The effect of these prestrain treatments is judged by the ratio

of total elongation for prestrained specimen to that of a nonprestrained

control specimen. These ratios are shown in Fig. 3.51.

The significant results from testing at constant load at 649°C are:

1. Creep-rupture times for this weld metal in all conditions

investigated tend to be slightly longer than average rupture times for

annealed type 304 stainless steel base metal.

0.7
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ESTIMATED RUPTURE TIME AT LOW STRESS

0.2

Fig. 3.51. Effect of Prestraining at Low Stress [110 and 124 MPa
(16 and 18 ksi)] on Strain for Specimens Incremented to 172 MPa (25 ksi)
After 500 hr.
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2. At 172 MPa (25 ksi), transverse weldment specimens have longer

rupture times than longitudinal all-weld-metal specimens, but at 138 MPa

(20 ksi) no distinction can be made.

3. The time to the onset of tertiary creep is between 0.5 and 1.0

times the rupture time at 172 MPa (25 ksi) and between 0.18—0.62 times

at 138 MPa (20 ksi).

4. The strain at the onset of tertiary creep is 0.1 to 0.4 of the

total fracture strain for as-welded metal and welds heat-treated at

607°C and 0.2 to 0.6 for welds annealed at 982°C.

5. The rupture strains for all the conditions decrease with in

creasing rupture time from about 100 to about 1000 hr. The lowest

rupture strains, in the 2—3% range, occur for transverse as-deposited

and 607°C-heat-treated specimens.

6. Weld metal annealed 4 hr at 982°C has greater ductility than

as-deposited weld metal or welds heat-treated 4 hr at 607°C.

The significant results from incremented stress tests performed on

longitudinal all-weld-metal specimens in the as-deposited condition or

after annealing for 4 hr at 982°C are:

1. Prestraining at 110 and 124 MPa (16 and 18 ksi) for times to

about 0.01 to 0.05 of the total estimated rupture times at those stresses

has no experimentally significant effect on the rupture time when the

stress is later raised to 172 MPa (25 ksi).

2. Prestraining as-deposited weld metal reduces the total rupture

strains to about one-third the values observed in tests at 172 MPa only.

3. Prestraining weld metal annealed at 982°C reduces the total

rupture strains to about 0.7 times the values observed in tests at

172 MPa only.

4. Such testing results in fracture morphologies commonly asso

ciated with transformation of ferrite to sigma phase and failures that

propagate along sigma phase austenite boundaries. The 500-hr period

of prestraining allows the sigma phase to form and causes relatively

low-ductility failures when the stress is incremented. Welds annealed

at 982°C are suspected of having less continuous ferrite; metallography

to demonstrate this point is in progress.
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3.3.2 Status of Creep Testing on 16-8-2 Submerged Arc Welds — R. T. King,
D. P. Edmonds, and E. Boiling

A preliminary report1*"* has given details on the materials, experi

mental and testing methods, and certain characteristics of type 16-8-2

submerged-arc welds made in 25-mm-thick (1-in.) type 316 stainless steel

plate. Here we simply update the creep-rupture test data of Table 3.23

of that report and make some corrections. Table 3.12 gives the status

of creep-rupture tests together with some of the more important test

data that have been obtained.

With two exceptions, all the specimens tested have failed in weld

metal. The exceptions are specimens 775-T3 and -T7, both of which were

intended to be transverse weld metal specimens. Some base metal was

inadvertently included in the gage length, and the fracture surface

includes both regions of intergranular separation in the HAZ very near

to the fusion line and apparently trans-substructural tearing in the

weld metal. Because of possible stress concentration effects near the

geometrical discontinuity at the fillet at the end of the gage length and

near the metallurgical discontinuity at the fusion line, this failure

path does not necessarily imply higher strength for weld metal or HAZ

under these test conditions.

We are now preparing impact and aging specimens for characterization.

Preliminary results will be reported later.

3.3.3 Demonstration on Importance of Anisotropy in Welded Pipe
Calculations — B. R. Dewey

Work is continuing in the development of constitutive equations that

recognize anisotropy in weld metal. To demonstrate the use of some

recently presented data,1*5 a finite element program was modified to

accept orthotropic elastic constants and has been used to conduct stress

analysis in a hypothetical weld joint in a pipe.

3.3.3.1 Description of Finite Element Program

With finite element programs, the user ordinarily inputs the elas

tic modulus E and Poisson ratio V as discrete functions of temperature

for each material. Internally, the program takes the values of E and



Table 3.12. Creep-Rupture Test Data for Babcock and Wilcox Type 16-8-2
Stainless Steel Submerged-Arc Welds

Total Strain, %

Time to

Stress Specimen

Type and Test

Rupture

Time

Tertiary Creep Onset

Tertiary
of

Creep

Reduction

of Area

(MPa) (ksi) Number (hr)
Linearity

0.2%

Offset

Rupture (%)

Linearity
0.2%

Offset

Test s at 649°C (1200°F)

172 25 LI 776-L35 FWB-239 31.5 1.2 1.75 1.37 1.7 44.2 58.4

138 20 LI 775-L1 FWB-249 478.5 25 58 1.46 3.0 42.5 54.0

110 16 LI 775-L6 FWB-250 >2485.4 >17.9

172 25 L2 776-L37 FWB-237 73.9 ^4 ^5.7 ^0.8 M.l 48.5 50.1

138 20 L2 775-L14 FWB-254 609.4 34 73 0.6 1.1 44.2 56.1 H

110 16 L2 775-L10 FWB-257 >2243.9 >12.3
L/l

O

172 25 Tl 776-T3 FWB-240 121.3 6 11.5 ^0.96 VL.6 30.7 37.7

138 20 Tl 776-T1 FWB-252 1334.6 30.3 32.5

110 16 Tl 775-T5 FWB-253 >2363.6 >5.96

172 25 T2 776-T6 FWB-246 111.8 11.4 20 0.9 1.75 34.7 49.0

138 20 T2 775-T6 FWB-256 1009.0 250 300 1.1 1.39 15.7 36.9

Tests at 566°C (1050°F)

310 45 LI 776-L34 FWB-241 45.8 29 31 9.8 11.0 44.1 45.6

276 40 LI 775-L2 FWB-255 209.3 105 124 7.9 9.2 23.3 29.3

276 40 LI 775-L3 FWB-259 174.0 85 95 17.0 18.4 40.3 38.0

310 45 L2 775-L5 FWB-248 78.8 27.5 29 8 8.4 34.7 36.2

241 35 L2 775-L3 FWB-259 699.8 323 395 4.4 5.4 26.2 62.0

310 45 Tl 776-T1 FWB-238 75.3 37.5 41.8 19.9 21.2 42.8 25.6

276 40 Tl 775-T3 FWB-263 201.5 137.5 198 7.6 9.5 14.0 15.6

241 35 Tl 775-T7 FWB-260 1279.5

310 45 T2 776-T2 FWB-245 109.6 2.8 38.4 1.6 3.0 11.5 13.9

310 45 T2 775-T4 FWB-264 142.5 38 55 2.6 3.5 14.0 18.4
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V and forms an elastic stiffness (or compliance) matrix for the material
in each element. This computation typically takes the following form,

as an example, for the compliance matrix in a three-dimensional solid:

[S] =

HE ^olE -V/E 0 0 0

-V/E HE -V/E 0 0 0

-\>/E -A>/E HE 0 0 0

0 0 0 2(1+V)IE 0 0

0 0 0 0 2(1+V)/E 0

0 0 0 0 0 2(l+V)/ff

_

(1)

Hence, a matrix of the form of Eq. (1) can be input directly (instead of
just E and v) in the case of anisotropic material. This has been done
using the numerical values for a type 308 stainless steel electroslag

weld reported1*5 previously.
For the example that follows, axisymmetric welds with two preferen

tial orientations have been compared with one assumed to be isotropic.

The mesh shown in Fig. 3.52 was used to model a symmetric pipe segment

with a ratio of outside diameter to thickness d/h - 8.0. The r axis repre

sents the center line of a symmetric V-weld with an included angle of

53°. The Z axis represents the center line of the pipe. The mesh in

Fig. 3.52 contains 210 elements (linear quadrilaterals and triangles)

and 231 nodal points. Loading is by uniform pressure on the inside of

the pipe.

Room-temperature elastic properties were used for the base metal

and the electroslag weld metal. For the base metal, type 304 stainless

steel, E was assumed to be 195 GPa and V, 0.283. For the weld metal,

the properties in Table 3.13 were used, where the subscripts correspond

to the unprimed coordinates on the idealized weld shown in Fig. 3.53.

Three different elastic symmetry conditions were used in the finite

element demonstrations:

Case 1. Properties of Table 3.13 with the r direction (direction

of elongated subgrains) in the weld in the pipe corresponding to the

3-direction in Fig. 3.53, the z direction to the 1-direction, and the

t direction (hoop) to the 2-direction.
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Fig. 3.52. Finite Element Mesh for Idealized Pipe Weld,
is on lower right.

Table 3.13. Engineering Constants for
Specially Orthotropic Model of

Electroslag Weld Metal

Modulus'
Value

(GPa)
Poisson's

Ratio
Value

En ~ E22 142 Vi2 = V21 0.24

2?33 104 Vl3 = V23 0.53

Giti^ = Gi+5

^6 6

82

57

V31 = V
32

0.39

E denotes Young's modulus, G shear
modulus.

Weld metal
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ORNL-DWG 75-13166R

Fig. 3.53. Idealized Electroslag Weld with Coordinate Axes. The
elongated subgrains are in the 3-direction. Also shown is a positive
rotation around the 2-axis.

Case 2. Same as case 1 except that 9 (Fig. 2) equals 126.9°, which

places the elongated subgrains perpendicular to the fusion line.

Case 3. Isotropic weld metal with same E and V as base metal.

3.3.3.2 Results

Displacements, stresses, and strains are routinely available from

the finite element calculations for the three cases. Comparisons among

the hoop strain £fl distributions on the inner and outer surfaces of the

pipe are given in Fig. 3.54. Here, we see that the mismatch between

weld metal and base metal causes an increase in strain in the vicinity

of the weld. Furthermore, the orientation of the weld grains signifi

cantly affects the magnitude of the strain increase.

An interesting observation is that the apparent E for weld metal can

be much lower than that for base metal. One should note that the

transformation equations, when applied to the values given in Table 3.13,

give a value of E at 0 = 45° close to the value of E for isotropic

material. The directional variation of properties of the weld metal do
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Fig. 3.54. Effect of Orientation of Weld Metal.

significantly affect stress analysis. With such properties routinely

incorporated in finite element analysis, improved accuracy and confidence

in the design of weld joints will result.

3.4 MECHANICAL PROPERTIES OF STEAM GENERATOR MATERIALS - C. R. Brinkman

3.4.1 Creep and Rupture Behavior of 2 1/4 Cr-1 Mo Steel - R. L. Klueh

We are studying the effect of heat treatment on the creep and creep-

rupture properties of annealed 2 1/4 Cr-1 Mo steel.1*6'1*7 Pieces of a

25-mm-thick (1-in.) plate were given different annealing treatments:

two pieces were fully annealed, labeled AN-1 and AN-2 (AN-2 was cooled

faster than AN-1), and one piece, labeled IA, was isothermally annealed.

The creep-rupture studies were previously reported and discussed. '

In those studies we noted two types of creep curves: a classical

creep curve with single primary (transient), secondary (steady-state),

and tertiary stages; nonclassical creep curves were also noted with two
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steady-state stages. A schematic diagram of these two types of curves

is shown in Fig. 3.55. The transition from the first steady-state

stage to the second involved an increasing creep rate, and since, by

definition, tertiary creep involves an increasing creep rate, the ques

tion arises whether this is tertiary creep or whether the part of the

curve after the second steady-state stage, where the creep rate again

increases, is tertiary creep. This question will be addressed in this

report.

All creep curves were examined for curve shape, and our observations

are summarized schematically in Fig. 3.56. At 566°C (1050°F), tests at

103 and 124 MPa (15 and 18 ksi) for both heat treatments AN-1 and IA

displayed classical creep curves. At 138 MPa (20 ksi) a nonclassical

creep curve was observed. The creep rate for the second steady-state

creep stage was quite easily determined for the tests up to and including

172 MPa (25 ksi). At 207 MPa (30 ksi), however, we could only determine

one creep rate. Whether this was because a classical strain-time rela

tionship again existed or whether the second steady-state stage was too

short to be detected cannot be stated (the question mark after the C in

Fig. 3.56 is meant to denote this uncertainty).

When the creep rate for the first steady-state stage for the non-

classical curves at 566°C (1050°F) was plotted against stress, a discon

tinuity was observed: the two low-stress tests fell on one curve, the

rest on a second curve.46 However, when the creep rate for the second

steady-state stage was used for the nonclassical curves, a continuous

curve was obtained.

Classical creep curves were observed for all the tests at 454°C

(850°C) (Fig. 3.56). At 510°C (950°F), the type of behavior depended

on stress and heat treatment. For the AN-2 specimens at 510°C, all the

creep curves appeared classical, although there are indications that

the curves at 207 MPa (30 ksi) may be nonclassical [the NC(?) region in

Fig. 3.56].

For IA at 510°C, only nonclassical curves were observed. All

curves for AN-1 were nonclassical below about 241 MPa (35 ksi). Above
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Fig. 3.55. Schematic Diagrams for Classical (A) and Nonclassical (B)
Curves of the Type Observed for 2 1/4 Cr-1 Mo Steel.
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Fig. 3.56. Schematic Representation of Creep Curve Shape as a
Function of Stress at 454, 510, and 566°C.

500
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this stress only a single steady state stage could be accurately deter-

minted [again, the reason for this is unknown and shown as C(?) in

Fig. 3.56]. When the creep rate for the second steady-state stage was

plotted against stress, a continuous curve resulted. This curve fell

to the right of the one obtained1*6 for the first steady-state stage.

In the present report, the tertiary creep behavior will be examined.

Tertiary creep is easily defined for the classical curve (Curve A of

Fig. 3.55): it is the point where the creep rate begins to increase

after a period of constant creep rate (the minimum creep rate) during

the secondary stage (steady-state creep). A 0.2% offset method is

generally used to uniformly set the point of departure from steady state.

Several investigators20'1*8 50 have shown that a relationship exists

between the start of tertiary creep and rupture life for various alloys,

including 2 1/4 Cr-1 Mo steel. Usually, a relationship of the type

t = At% (1)
2 R

is found, where t is the time to the start of tertiary creep, tu is the
2 ti

rupture life, and A and a are constants; a is often found to be unity.

According to Eq. (1), a graph of log t against log t„ should result in
2 n

a straight line with a slope of a.

We have obtained t values from all the creep curves, and in Fig. 3.57
2

these data are plotted according to Eq. (1). Where nonclassical creep

curves were observed, the 0.2% offset from the first steady state stage

was used. The data used for Fig. 3.57 are given in Table 3.14.

It is obvious from Fig. 3.57 that the expected straight-line rela

tionship does not apply for all the tests. The data are stratified,

and four curves have been drawn. With the exception of the longest test

at 454°C, the combined data for AN-1 and IA at 454°C and the AN-2 data

at 510°C appear to fall on a straight line (a line with a = 1 has been

drawn through these data). The other curves in Fig. 3.57 are separate

curves for AN-1 and IA at 510 and 566°C. At 510°C, data for IA and AN-1

are roughly parallel. Although the 566°C data parallel the 510°C data

for short times, they deviate dramatically for longer rupture times:
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Fig. 3.57. Time to the Onset of Tertiary Creep Plotted Against
Rupture Life. For tests where two steady-state stages were observed
(i.e., at 510 and 566°C) the time to the end of the first steady-state
stage is plotted.
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Table 3.14. Time and Strain to Start of Tertiary Creep

(0.2% Offset) for 2 1/4 Cr-1 Mo Steel

Rupture

Life

(hr)

Transition to Tertiary Creep

Temperature
Heat v

Stress

Time, hi Strain %
ZllZft

Treatment ,0„..
(°F) (MPa) (ksi)

, A
(%)

( c)
Stage 1 Stage 2 Stage 1 Stage 2

AN-1 454 850 327 47.5 12,059.1 8,150 a 1.48 a 9

358 52 1,435.3 820 a 2.28 a 13

379 55 539.1 330 a 2.88 a 16

413 60 233.4 150 a 2.86 a 15

448 65 48.9 37 a 3.13 a 18

510 950 152 22 9,650.3 1,100 5 300 0.38 6.63 20

172 25 b 520 b 0.49 b

172 25 2,788.0 400 1 280 0.44 4.37 12

189 27.5 1,396.4 350 780 0.52 4.77 13

207 30 1,089.3 300 680 0.60 5.84 17

241 35 476.0 200 326 1.23 4.06 15

276 40 135.5 68 a 2.90 a 10

310 45 47.5 26 a 2.75 a 10

566 1050 103 15 8,194.8 4,200 a 3.75 a 20

124 18 1,804.6 900 a 5.47 a 20

138 20 707.3 63 380 0.32 5.38 17

138 20 885.4 60 440 0.41 5.16 16

152 22 222.9 26 113 0.20 7.13 15

172 25 78.2 13 31 1.38 3.93 11

182 25 136.5 22 78 0.85 6.75 17

207 30 16.3 6 3.5 9

AN-2 510 950 207 30 2,372.8 1,110 c 0.46 c 1

207 30 2,354.4 1,120 c 0.46 c 2

276 40 952.9 500 a 0.70 a 3

310 45 563.0 300 a 1.50 a 7

345 50 308.4 175 a 2.41 a 12

566 1050 138 20 982.2 83 540 0.34 4.89 15

IA 454 850 338 49 1,301.9 665 a 1.49 a 6

358 52 854.9 475 a 2.59 a 15

379 55 479.1 280 a 2.33 a 10

413 60 214.6 144 a 2.55 a 16

510 950 152 22 6,853.9 438 4 ,400 0.31 7.25 22

172 25 1,879.5 150 850 0.34 3.71 9

207 30 526.0 125 270 0.65 3.53 9

241 35 204.5 69 138 1.15 6.15 14

276 40 74.2 25 55 1.28 5.13 23

566 1050 103 15 9,918.7 4,400 a 3.30 a

124 18 1,233.1 535 a 4.86 a 16

138 20 400.4 19 175 0.48 6.15 13

172 25 68.5 10 25 1.25 5.25 11

Classical creep curve.

Test discontinued after 1321 hr.

cThere appeared to be a short second steady-state stage, but strains and times could not
be accurately determined.
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the 566°C curves cross the 510°C curves. It is interesting to observe

in Fig. 3.57 that the data at 566°C that led to the deviation from the

trends at 510°C (i.e., caused the curves to cross over) are from tests

at 103 and 124 MPa (15 and 18 ksi). These were the tests that displayed

classical creep curves at 566°C. Note also that at short times all

these curves appear to approach the straight line for the 454°C data

and the AN-2 data at 510°C. At these high stresses "classical" creep

curves were observed (Fig. 3.56).

The above observations clearly indicate that the stratification of

data evident from Fig. 3.57 is connected with the different creep curve

shapes. To further examine the relationships between creep curve shape

and tertiary creep, we determined the creep strain to the start of the

two "tertiary creep stages." These values are given in Table 3.14; in

Fig. 3.58 the strain values are plotted against stress.

The strain values fall into three distinct categories: (1) For

the obviously nonclassical curves at 510 and 566°C (heat treatments AN-1

and IA), the strain to the end of the first steady-state stage is less

than 1.5% (most are less than 0.7%); this also applies to the low-stress

tests for AN-2 at 510°C, where no second steady-state stage could be

clearly deliniated. (2) Strains for AN-1 and IA to the end of the

second steady-state stage of the nonclassical curves at 510 and 566°C

and the end of the steady-state stage of the classical curves at 103

and 124 MPa (the low-stress tests) at 566°C are from 4 to 7%. (3) The

strains for AN-1 and IA at 454°C, for the higher stresses for AN-2 at

510°C, and for the higher stresses for AN-1 at 510 and 566°C — all of

which show "classical" curves — are from 1.5 to 2.5%.

Table 3.14 also gives the ratio of £i/zr, where e is the total

elongation and £2 is the strain to the end of the steady-state stage;

for nonclassical curves, it is the end of the second steady-state stage.

For AN-1 and IA at 510 and 566°C, values between about 10 and 20% are

observed. Similar results (with one exception) are observed at 454°C;

the large £2/£# values at 454°C occur, despite the low £2 values, because

of the lower total elongation. Note also that this ratio is between 10
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and 20 for the high-stress tests on AN-1 at 510 and 566°C and the high-

stress test on AN-2 at 510°C for a similar reason (i.e., although £2

decreases with increasing stress, the total elongation also decreases

with increasing stress. Also, note how the £2/^ ratio for the low-

stress results for AN-2 at 510°C fall substantially below 10 (a similar

low ratio would result if the time to the end of the first steady state

stage were used for £2).

As a result of these observations on the strains to the onset of

tertiary creep and the previous observations'16 when the creep rates were

plotted with the creep rate for the second steady state stage used, the

data of Table 3.14 were replotted according to Eq. (1). Figure 3.59

shows the data with strains that fall into the second category (£2 ~ 4—7%),

while Fig. 3-60 shows the data for strains that fall into category 3

(e2 ~ 1.5—3%). For Fig. 3.59, the data for the nonclassical curves at

510 and 566°C are plotted with t2 as the time to the end of the second

steady-state stage. The data used in Fig. 3.60 include all the data at

454°C and the high-stress tests for AN-2 at 510°C and AN-1 at 510 and

566°C.

In both cases the data appear to fall on a straight line. The

values for a and A for a least squares fit of the data are given in

Table 3.15 (in all cases the correlation coefficient R2 « 0.99). Since

there was little difference in the values of a and A for the curves in

Figs. 3.59 and 3.60, the data were combined and are shown in Fig. 3.61.

The equation for the combined data is given by

t2 = 0.489 V'016 . (2)

As seen in Table 3.15, combining the data did not significantly alter the

standard error of estimate. Therefore, the combined representation would

appear appropriate.

In the above discussion, the four low-stress tests on AN-2 were

ignored (these data fall into category 1; they display "classical" curves,

with £2/£d < 10). It will be pointed out in our next quarterly report

that these curves are probably nonclassical, but because of the extended



163

AN-1 IA

A A

• o

ORNL-OWG-76-8102R

AN-2

510°C

566°C —

10310"

RUPTURE LIFE [hr)

Fig. 3.59. Time to the Onset of Tertiary Creep Plotted Against
Rupture Life at 510 and 566°C. For tests that had nonclassical creep
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Table 3.15. Coefficients for Empirical Relationship Between
the Onset of Tertiary Creep and Rupture Life

Data

Category 2

Category 3

Categories 2 and 3

Categories 1, 2, 3

log A A

-0.307 ± 0.082 0.492

-0.353 ± 0.088 0.444

-0.311 ± 0.059 0.489

-0.300 ± 0.056 0.501

a

1.010 ± 0.028

1.044 ± 0.034

1.016 ± 0.021

1.011 ± 0.020

Standard Error

of Estimate

0.0812

0.0862

0.0838

0.0804

Category 2: 21 datum points were used. These included: (1) all
nonclassical curves at 510 and 566°C, where t2 was taken as the time to the
end of the second steady state stage, and (2) the low-stress classical curves
at 566°C.

Category 3: 12 datum points were used. These included all points at
454°C and the high-stress classical curves (£2 - 1.5—3%) at 510 and 566°C
for AN-1 and AN-2.

c

Categories 2 and 3: 33 datum points were used. These included all
points used in a and b.

Categories 1, 2, and 3: the 33 datum points used above were combined
with the four low-stress tests on AN-2 at 510°C.

<04cr
ORNL-DWG 76-H033

/R, RUPTURE LIFE (hr)

Fig. 3.61. Time to the Onset of Tertiary Creep Plotted Against
Rupture Life for All Data. For nonclassical curves, the end of the
second steady-state stage was taken as the onset of tertiary creep.
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duration of the first steady-state stage, the second steady-state stage

cannot be accurately deliniated. Presumably the second steady-state

stage is of very short duration. Hence, the time to the end of this

stage should not differ substantially from the time to the end of the

first steady-state stage for these tests. These four tests are plotted

on Fig. 3.61 (they were not used to establish the curve). It is seen

that these points fall quite nicely on the curve established for all the

data from categories 2 and 3. Finally, when an equation is determined

for all the data, including these AN-2 tests, a and A are little changed

from Eq. (2) (Table 3.15).

Since tertiary creep is often associated with gross structural

instability (i.e., the formation of cracks, voids, or necking, which

lower the specimen cross section and thus increase stress), one criterion

used in the ASME code case 1592 to set allowable stresses in the creep

regime is the time to the onset of tertiary creep. Tertiary creep is

generally defined in terms of the classical creep curve as the point on

the curve where the creep rate begins to increase (it decreases during

the primary stage and is constant in the secondary stage of a classical

creep curve). By such a definition, tertiary creep would begin at the

end of the first steady-state stage (for nonclassical creep curves).

We feel, however, that this is a point of metallurgical instability, not

a structural instability (this will be discussed in more detail in the

next quarterly report). Hence, for materials that display nonclassical

creep curves, the proper start of tertiary creep — the one that precedes

fracture and may be associated with structural instability — is that

determined after the second steady-state stage is complete. Both the

minimum creep rate studies1*6 and the tertiary creep correlation in

Fig. 3.61 lead to this conclusion.

The present studies have illustrated the difficulty involved in

determining tertiary creep when two steady-state stages appear. This

is especially true when the test has not gone to rupture. If a creep

curve such as that shown in Fig. 3.62(a) is examined, as a first approxi

mation, tertiary creep would be said to begin at about 1000 hr and about

0.07% strain (the 0.2% offset gives values of 0.28% strain and 2100 hr).

The creep curve in Fig. 3.62(a) is the first part of a nonclassical curve.
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Fig. 3.62. Creep Curve for AN-2 Specimen Tested at 152 MPa (22 ksi)
and 510°C. (a) After 2500 hr. (b) After 3700 hr, showing the second
steady-state stage.
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Only when the entire creep curve is examined and the second steady-state

stage is taken into account can the real start of tertiary creep be

determined. Figure 3.62(b) shows the curve after about 3800 hr and the

second steady-state stage (the rupture life for this specimen is expected

to approach 10,000 hr and tertiary creep has not yet begun). Note also

the difference this will make in the determination of the strain to

tertiary creep.

We showed that the tertiary creep data could be fit according to

Eq. (1), although, interestingly enough, here the strains to the onset

of tertiary creep did not seem to affect the fit of the data. For all three

strain categories, one curve fit all the data.

Several investigators have found an a of unity1*8 50 for a variety of
alloys, including 2 1/4 Cr-1 Mo steel.1*9'50 Leyda and Rowe1*9 fit their
data for annealed 2 1/4 Cr-1 Mo steel with

*2 "V* ' (3)

where F is a constant. Their data were taken at 538, 593, and 649°C
s

(1000, 1100, and 1200°F), and they found that Fg decreased slightly with
temperature. Since our data showed no obvious stratification with tem
perature, we did not fit the data according to Eq. (3). Nevertheless,
our a = 1.016 cannot be assumed to be significantly different from unity,

although our F is slightly greater than that obtained by Leyda and Rowe,

who found an F of 0.459 at 538°C. Booker and Sikka,20 on the other hand,
s

fit tertiary data for 2 1/4 Cr-1 Mo steel from various sources, including
some of the data obtained in the present investigation, and found

a = 1.05. Presently, we have no explanation for this discrepancy.

The results of the observations in this study have certain implica

tions for design. By use of the creep rate for the second steady-state

stage to determine the creep strength, the strength is lower, since the
creep rate of the second steady-state stage is greater than that of the
first. However, the time to the onset of tertiary creep is extended.
As we shall show in our discussion next quarter, the first steady-state

stage appears to have no relationship to structural instability, which

is what the designer is interested in.
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3.4.2 Heat-to-Heat Variation of 2 1/4 Cr-1 Mo Steel

3.4.2.1 Effect of Heat Treatment on Tensile Properties — R. L. Klueh

We have completed our studies on the effect of heat treatment on

the tensile properties of 2 1/4 Cr-1 Mo Steel,51'52 and a report has

been published.53 The results of these studies are here summarized.

Room-temperature tensile properties were determined on six speci

mens that had been given different annealing treatments: three were

furnace cooled from the austenitizing temperature (described as an

anneal or full anneal) at three different controlled cooling rates,

and three were isothermally annealed with three different controlled

cooling rates from the austenitizing temperature to the isothermal

anneal temperature [704°C (1300°F) for this study]. The rate at which

the steel was cooled to room temperature during the full anneal had a large

effect on both the microstructure and room-temperature tensile properties.

With increased cooling rate, progressively more bainite was formed in

the microstructure, and the strength increased. For the isothermally

annealed steels, the rate at which the steel was cooled to the isothermal

anneal temperature had a minor effect (much less than the cooling rate

during the full anneal) on the microstructure and room-temperature

tensile properties.

In the second part of the study, detailed tensile properties were

determined over the temperature range 25 to 593°C (77 to 1065°F) and the

strain rate range 2.67 x 10"6 to 6.67 x 10_3/sec on specimens that had been

taken from 25-mm-thick (1-in.) plates (from a single heat of steel) given

the following heat treatments: annealed (full anneal), labeled AN-1,

which was slow cooled from the austenitizing temperature; annealed,

labeled AN-2, which was cooled faster; and isothermally annealed,

labeled IA. The following observations and conclusions were made:

1. The microstructure and properties of AN-2 were considerably

different than for the other two heat treatments. All three plates were

primarily proeutectoid ferrite, but AN-2 contained more bainite, and

its strength at all temperatures was significantly greater than that of

the other two. The ductility of AN-2 was only slightly less than that

of AN-1 and IA.
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2. All three heat treatments displayed dynamic strain aging peaks

between 200 and 400°C. The peak height for AN-2 was greatest and

occurred at a higher temperature than for AN-1 and IA. The peak height

for AN-1 was slightly greater than that of IA.

3. The dynamic strain aging was concluded to be the result of

interaction solid solution hardening in the proeutectoid ferrite. This

phenomenon involves interactions of molybdenum and carbon atoms or atom

clusters with dislocations.

4. The larger dynamic strain aging effect in AN-2 was not the

result of the greater amounts of bainite in this microstructure.

Rather, the faster cooling rate for this plate had not allowed the

precipitation of molybdenum and carbon in the proeutectoid ferrite to

proceed as far as it had in the more slowly cooled plates. Precipitation

removes these species from solid solution, and thus they are no longer

available for interaction solid solution hardening.

5. When AN-2 was tempered for 1 hr at 704°C (1300°F), the dynamic

strain aging peak was reduced, because tempering removes molybdenum and

carbon from solid solution by precipitate formation.

3.4.2.2 Mechanical Properties of a 2 1/4 Cr-1 Mo Steel Forging for
LMFBR Tubesheets — R. L. Klueh and J. L. Griffith

In an effort to obtain the mechanical properties of typical

tubesheet forgings, three 2 1/4 Cr-1 Mo steel tubesheet forgings were

purchased from National Forge Company. These were produced from a

single 0.69-m-diam (27-in.) big-end-up ingot taken from an electric-

furnace air-melted, vacuum-degassed heat. This ingot was upset from a

length of 1.9 m (76 in.) to 0.71 m (28 in.), an operation that increased

the diameter to 1.1 m (45 in.). The resulting forging was then drawn

to a diameter of 0.51 m (20 in.), the top and bottom were cropped, and

the remainder was cut into two pieces. One 1.130-m-long (44 1/4-in.)

piece was upset forged to 0.840 m diam by 0.483 m thick (33 3/4 x 19 in.).

This piece of forging was used in the present study [the remainder

was cut to make two 0.46-m-diam by 0.30-m-thick (18- by 12-in.) tubesheets],

The forging was isothermally annealed by holding it at 927°C (1700°F)

for 20 hr, then furnace cooling to 732°C (1350°F) at 42°C/hr (75°F/hr);
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after holding it for 3 hr at 732°C, it was air cooled. The heat-treated

forging was machined to obtain a finished tubesheet 0.69 m diam by

0.30 m thick (27 by 12 in.).

National Forge reported composition, tensile properties, micro-

structure, and grain size. This information is summarized in Tables 3.16

and 3.17. The microstructure was reported as primarily proeutectoid

ferrite with 1—2% pearlite. The ASTM Grain size number was given as

4—6. When the forging was examined ultrasonically with a 3.2-mm-diam

(1/8-in.) calibration standard for inspection through the thickness and

a 6.4-mm-diam (1/4-in.) calibration standard for inspection radially, no

internal defects were detected. Examination of the surface with a

magnetic particle technique revealed no surface flaws.

The object of the present study was twofold. First, we were

interested in determining the properties of a typical tubesheet forging.

Second, data from this product form is of interest for our heat-to-heat

variation study, which is considering various product forms. It

should be pointed out that the present plans for the CRBRP call for

the use of vacuum-arc remelted (VAR) or electroslag-remelted (ESR) material

to be used in the tubesheet forgings. Nevertheless, the results from

this study should have meaning for forgings manufactured by any technique,

since the properties are largely determined by the working procedure

and the final heat treatment.

To obtain specimens from the forging, a wedge (pie-shaped cut)

was removed from the cylinder. This wedge was sectioned so that

specimens could be taken from three different orientations relative to

the axis of the forging cylinder. Radial, axial, and tangential speci

mens were taken. In order that our results from this forging could be

compared with other heats being tested in our heat-to-heat variation study,

specimen blanks having these three orientations were isothermally annealed

in the laboratory: they were heated for 1 hr at 927°C (1700°F), cooled at

a rate of 83°C/hr (150°F/hr) to 704°C (1300°F), held at this temperature

for 2 hr, then furnace cooled to room temperature. We will refer to

the material given this latter heat treatment as laboratory annealed

and the other material as as received. Keep in mind, however, that



171

Table 3.16. Vendor-Supplied Chemical Analyses for
2 1/4 Cr-1 Mo Tubesheet Forging

Content, %

amP 6 c Mn p S Si Ni Cr Mo V Cu Co Ti

Ladle 0.10 0.36 0.007 0.009 0.35 0.30 2.40 1.03 0.09 0.012
Check 01 0.08 0.38 0.009 0.007 0.34 2.40 1.00 0.001 0.004
Check 02 0.09 0.39 0.009 0.009 0.35 2.40 1.01 0.001 0.004

Position

Table 3.17. Vendor-Supplied Tensile Data
for 2 1/4 Cr-1 Mo Tubesheet Forging

Strength, MPa(psi) Eiongation Ruction
(%) of Area

Ultimate 0.2%

12:00 470.5(68,250) 217(31,500) 31 75.9

6:00 429.2(62,250) 207(30,000) 33 75.9
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both have received isothermal anneal heat treatments, although the

times and temperatures were somewhat different (the size of the material

heat-treated was also quite different).

Tensile tests were made over the range 25 to 566°C (75—1050°F) at

nominal strain rates of 2.67 x IO-6 and 6.67 x 10-Vsec. Specimens

having a 6.35-mm-diam by 31.8-mm-long (0.250 x 1.25-in.) reduced section

were tested on an Instron testing machine.

Our first tests were run to determine the effect of orientation.

Intuitively, one would expect little effect of orientation. The results

for tests on the three orientations at 25 and 566°C (77 and 1050°F) are

shown in Table 3.18. Specimens from both the as-received and laboratory

annealed material were tested.

Table 3.18. Effect of Specimen Orientation
(Relative to the Forging Axis)

on Tensile Properties

Orientation

Strength, MPa(ksi) Total

Elongation

(%)

Reduction

of Area

(%)Yield Ultimate

As Received — 25°C (77°F)

Tangential
Radial

Axial

211(30.6)
261(37.9)
254(36.9)

475(69.0)

535(77.7)
522(75.7)

32.2

24.8

27.8

69.2

57.0

52.7

Laboratory Anneal — 25°C (77°F)

Tangential

Radial

Axial

263(38.1)
264(38.3)
262(38.0)

506(73.4)
520(75.5)
515(74.7)

29.7

28.2

30.1

78.2

77.2

74.9

As Received - 566° Z (1050°F)

Tangential

Radial

Axial

182(26.4)

219(31.8)
232(33.6)

371(53.8)

447(64.9)
478(69.4)

29.0

21.1

23.4

71.2

51.6

51.6

Laboratory Anneal - 566°C (1050°F)

Tangential

Radial

Axial

196(28.5)
205(29.8)
207(30.1)

318(46.1)
327(47.4)
339(49.2)

36.6

41.5

33.4

88.2

86.5

82.5

aAll tests at 6.67 x io-1* /sec.



173

The as-received material very definitely shows an orientation

effect. At both 25 and 566°C the tangential specimens are weaker than

the radial and axial specimens. This shows up both in the 0.2% yield

strength and the ultimate tensile strength. There appears to be little

difference between the radial and axial specimens. The ductility

measurements reflect the strength differences: total elongation and

reduction of area for the tangential specimens are larger than those

for the other two orientations. Evidently the laboratory anneal has

removed the property differences, for after this anneal, the properties

for all three orientations appeared to be the same at either temperature.

Figures 3.63 and 3.64 show the microstructure from the unstressed

shoulder regions of the room-temperature test specimens of the as-

received tangential and axial specimens, respectively. The radial

specimen had a microstructure similar to that of the axial specimen.

Obviously, there is a significant difference in the microstructures

of these materials. The axial (Fig. 3.64) and radial specimens had

significantly more bainite present in the microstructure than the

tangential specimen did. The tangential specimen, which had the lowest

strength, contained small amounts of pearlite (the black regions of

Fig. 3.63) and bainite. The axial and radial specimens showed very

little pearlite to be present but contained as much as 25% bainite.

Figure 3.65 is a photomicrograph of the unstressed shoulder region

for the laboratory-annealed axial specimen tested at 25°C. There was

no difference in the microstructure for the different orientations for

these specimens. In this case the microstructure was primarily pro

eutectoid ferrite with some pearlite present. Note in Figs. 3,63, 3.64,

and 3.65 that the microstructures contain proeutectoid ferrite grains,

some of which etch lighter than others. The dark grains at high

magnification can be seen to contain a very high density of a fine

precipitate, which gives rise to a mottled appearance and causes them to

appear darker at low magnification (the ligher grains contain much less

precipitate).

We also made tests over the range 25 to 566°C at 2.67 x 10"

and 6.67 x 10_1*/sec. For the as-received material, the results along







Table 3.19. Tensile Properties for As-Received
2 1/4 Cr-1 Mo Steel Tubesheet Forging

Test

Specimen Temperature
Strength, MPa(ksi) Elongat ion, % Reduction

Orientation of Area

(°C) CF)
Yield Ultimate Fracture Uniform Total (%)

Strain Rate 6.67 x 10-17sec

Tangential 25 77 211(30.6) 475(69.0) 315(45.7) 16.2 32.2 69.2
Radial 25 77 261(37.9) 535(77.7) 393(57.0) 12.6 24.8 57.0
Axial 25 77 254(36.9) 522(75.7) 393(57.0) 14.7 27.8 52.7
Axial 204 400 239(34.7) 473(68.6) 366(53.1) 12.2 22.3 47.5
Axial 316 600 246(35.7) 504(73.1) 416(60.6) 10.2 17.7 43.4
Axial 371 700 230(33.4) 508(73.7) 422(61.3) 9.5 17.8 42.7
Axial 454 850 225(32.6) 521(75.6) 429(62.2) 9.9 18.2 39.7
Axial 510 950 231(33.5) 513(74.4) 387(56.1) 10.5 19.8 42.2
Tangential 566 1050 182(26.4) 371(53.8) 183(26.6) 9.9 29.0 71.2
Radial 566 1050 219(31.8) 447(64.9) 294(42.7) 9.8 21.1 51.6
Axial 566 1050 232(33.6) 478(69.4) 336(48.8) 11.9 23.4 51.6

Strain Rate 2.67 x 10"6/sec

Tangential8
Tangential3

25 77 198(28.8) 448(65.0) 299(43.4) 15.7 29.3 64.0
93 200 178(25.9) 418(60.6) 275(39.9) 13.7 27.2 68.4

Axial 204 400 218(31.7) 478(69.4) 392(56.9) 11.3 20.3 51.9
Axial 316 600 220(32.0) 552(80.1) 467(67.8) 9.8 19.4 44.6
Axial 371 700 225(32.6) 621(90.2) 508(73.7) 13.3 21.6 40.5
Axial 454 850 229(33.3) 626(90.8) 499(72.4) 21.3 30.5 48.3
Axial

Tangential3
510 950 222(32.2) 558(81.0) 431(62.5) 14.7 26.8 43.1

566 1050 169(24.6) 223(32.3) 138(2.0) 4.5 48.7 90.3

Since tangential specimens were decidedly weaker, they are not plotted in Figs. 3.66
and 3.67 even though they were the only ones tested at this strain rate and temperature.
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The above results lead to some curious, yet interesting and

important, results. Consider first the as-received forging. The fact

that the microstructure of the tangential specimens was different from

the other two orientations indicates that the differences are caused by

something other than orientation. We believe this difference is in the

position (radial distance from the center of the cylinder) at which the

specimens were taken. As stated above, specimens were taken from wedges

cut from the cylinder. The tangantial specimens were taken from the

wedge edge (i.e., the periphery of the cylinder; 10 to 25 mm (0.5—1 in.)

from the edge of the 14-in.-radius cylinder). On the other hand, the

radial specimens were taken at approximately 0.25 to 0.28 m (10—11 in.)

from the center, while the axial specimens were from less than 0.13 m

(5 in.). This would indicate that the strength near the periphery is

less than it is at some distance inside the forging as a result of the

difference in microstructure. The greater amounts of bainite in the

axial and radial specimens would be expected to give a higher strength.

It is apparent from these results that the vendor must have taken his

tensile and metallography samples (Table 3.17) from the cylinder periphery.

One possible explanation for the difference in microstructure is

that the external surface was decarburized during the heat treatment.

The lower the carbon content, the less the amount of bainite formed.

However, since there is no difference in the microstructure or strength

of the laboratory annealed specimens with orientation, this is not too

probable. Furthermore, the amount of material machined from the forging

after the heat treatment should have included the decarburized material.

The microstructural observations along with the observations on the

dynamic strain aging peaks for the as-received material relative to the

peaks for the laboratory annealed material [Fig. 3.66(b)] would indicate

that although the as-received material was isothermally annealed —

held 3 hr at 732°C — it did not transform uniformly. Indeed, if the

tranformation was uniform, then the strength of the as-received forging

should be less than that of the laboratory annealed material, since

the as-received material was transformed at a higher temperature for a

longer time.
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During the next quarter, we will investigate more closely the

variation in microstructure and strength as a function of position in

the forging to verify the results reported above. We have also begun

creep-rupture tests on these materials, and the preliminary results

from those tests will be reported next quarter.

3.4.3 Effect of Sodium on the Mechanical Properties of 2 1/4 Cr-1 Mo
Steel — R.- L. Klueh

In the demonstration liquid-metal fast breeder reactor, the sodium-

heated steam generator is to be constructed of 2 1/4 Cr-1 Mo steel.

Under the operating conditions of the steam generator, heated sodium

flows from the intermediate heat exchanger, which is to be constructed

of an austenitic stainless steel, to the ferritic steel steam generator.

As a result of the difference in thermodynamic activity of the carbon in

the austenitic and ferritic components, decarburization of the 2 1/4 Cr-

1 Mo steel and carburization of the stainless steel can result. Such

decarburization could significantly alter the properties of the 2 1/4 Cr-

1 Mo steel.

Although the starting microstructure for 2 1/4 Cr-1 Mo steel under

most typical heat-treated conditions is microstructurally unstable

during elevated-temperature exposure,55-57 little information is avail
able concerning the effect of prolonged exposure (thermal aging) on

the mechanical properties. The bulk of the available creep-rupture

data is from material in the as-heat-treated condition58 (i.e., annealed,

normalized and tempered, or quenched and tempered). Similarly, little

is known about the effect of a carbon loss combined with thermal aging.

In the present study, the creep-rupture properties of 2 1/4 Cr-1 Mo

steel exposed to sodium for 26,500 hr at 566°C (1050°F) are being

determined. The properties of specimens simultaneously exposed to a

helium atmosphere (aged, but not decarburized) are also being determined.

Although 566°C is above the peak temperature of the demonstration plant

steam generator [520°C (968°F)], these results are nevertheless of

interest because this is the longest time and lowest temperature at

which commercial 2 1/4 Cr-1 Mo steel has been decarburized by sodium.
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The specimens were exposed to sodium in a large type 316 stainless

steel retort by Mine Safety Research Corporation (MSA), Evans City,

Pennsylvania; the details of that exposure have been published.59

Because program funding was discontinued, MSA made only a limited study

of the effect of sodium and thermal aging on the tensile properties,

metallography, and carbon content after 10,000, 20,000, and 26,500 hr.60-63

After 10,000, 20,000, and 26,500 hr, Hiltz and co-workers61'62

found that the carbon content decreased from 0.11 to 0.093, 0.075, and

0.075 wt % C, respectively. By optical microscopy they found that after

10,000 hr, carbide spheroidization of the original pearlite platelets

of the annealed steel was well under way in both the aged and decarburized

specimens. The particle density of carbides in the decarburized specimen

was slightly less than that in the aged specimen, though there was no

noticeable difference in density between the edge and center of the

decarburized specimen.60

We have previously reported6"* in detail on the carbides present

in the sodium-decarburized and helium-aged specimens after 26,500 hr

(we were only able to obtain 26,500-hr specimens). For a "starting

microstructure" to compare with those obtained after decarburization

and/or thermal aging, we annealed end pieces from tensile specimens that

had been aged in helium and not decarburized.

With optical microscopy, we found that after 26,500 hr, the carbide

particle density of the decarburized and aged specimens was considerably

less than reported61 after 10,000 hr, with the density of the thermally

aged specimen being considerably greater than that in the decarburized

specimen. For the aged specimen, the density decrease was a result of

Ostwald ripening, and the total amount of carbide was not noticeably

affected. Decarburization, however, resulted in a gradient in carbide

density, with the smallest density near the surface.

The proeutectoid ferrite of annealed 2 1/4 Cr-1 Mo steel contains

a large number of small particles — mostly Mo2C — that are replaced

during elevated-temperature exposure by M23C6 and n-carbide.55>56

(Eta-carbide has generally been referred to as M6C; however, it was

recently found65 that in 2 1/4 Cr-1 Mo steel, this is more nearly M4C.)
By transmission electron microscopy and electrolytic extraction of
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precipitates we found6 ** that the precipitates changed from a high density

of particles — mostly needles or platelets of Mo2C — in the annealed

steel to a very much smaller density of large globular particles of

M23C6 and n-carbide after 26,500 hr.

Tensile specimens were machined from a standard heat of annealed

2 1/4 Cr-1 Mo steel, which was purchased by MSA.59 According to the

vendor's analysis, the steel contained 0.11% C. The specimens, which

were aged and decarburized, were in the form of 1.5-mm (0.06-in.) sheet

tensile specimens cut from blanks 184-mm-long by 31.8-mm-wide (7 1/4

by 1 1/4 in.) and had a 25.4-mm-long by 12.7-mm-wide (1- x 1/2-in.)

gage section. We received from MSA 23 specimens that had been exposed

to sodium for 26,500 hr, but only five specimens that had been thermally

aged for the same length of time. Unfortunately, none of the starting

material was available. Thus, the effect of decarburization and aging

will have to be inferred by comparison with literature data.

The tensile properties at 25 and 566°C (75 and 1050°F) were deter

mined by MSA,62 and after 26,500 hr MSA found that the strength properties

of the decarburized and aged specimens had decreased, the greater effect

occurring at 566°C (1050°F). At this temperature there was little

difference between the specimens decarburized in sodium and those aged

in helium. The results are given in Table 3.21.

Because of the large decrease in the strength as a result of de

carburization and thermal aging - especially at 566°C - we repeated the

tests at 25 and 566°C on decarburized specimens. The results for these

tests are also given in Table 3.21. Our results are in good agreement

with those obtained by MSA. Because of a lack of specimens, no verifi

cation tests were made on helium-exposed specimens. Because of the

good agreement on the decarburized specimens, however, no such tests

would appear to be necessary.

Creep-rupture tests are now in progress on the decarburized

specimens at 510 and 566°C. Selected tests are also being made on the

thermally aged specimens at 566°C. Results from these tests will be

reported later.
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Table 3.21. Changes in Tensile Properties of 2 1/4 Cr-1 Mo Steel
After Prolonged Exposure to Helium and Sodium

at 566°C (1050°F)a

Exposure

Time

(hr)

Helium

0

10,000
26,500

Sodium

0

10,000
20,000
26,500
26,500b

Helium

0

26,500

Sodium

0

10,000
20,000
26,500

26,500b

Strength, MPa(ksi)

Yield Ultimate

Elongation
(%)

Test Temperature 25°C (75°F)

241(35)
276(40)
234(34)

241(35)
221(32)

234(34)
207(30)
189(27.4)

503(73)
476(69)
455(66)

503(73)
428(62)
434(63)
414(60)
411(59.6)

32

40

36

32

39

37

39

42

Test Temperature 566°C (1050°F)

186(27)
138(20)

186(27)
117(17)
103(15)
131(19)

112(16.3)

455(66)
193(28)

455(66)
200(29)
166(24)
200(29)

204(29.6)

30

58

30

43

61

50

66

Reduction

of Area

(%)

68

68

59

68

68

57

60

51

56

72

56

76

71

69

65

Taken from Reference 62; strain rate was not given.
Tested at ORNL; stain rate 0.05/min.
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3.4.4 Fatigue Behavior of 2 1/4 Cr-1 Mo Steel - C. R. Brinkman

3.4.4.1 Time-Dependent Fatigue — Estimates of Worst Effects —
M. K. Booker

Last quarter66 we described our initial attempts to estimate the

possible worst effects on fatigue life that can be expected for 2 1/4 Cr-

1 Mo steel due to relaxation hold periods at peak strain during strain-

controlled cycling. This quarter we will describe additional efforts

in that area, including refined calculational procedures and more

extensive results.

Actually, this effort consists of two distinct stages: (1) the

estimation of fatigue lives with long hold periods (up to 1000 hr); and

(2) estimation of shortest fatigue lives that can be expected as a

result of hold periods. In Sect. 3.4.4.2 we discuss methods for

analyzing the effects of hold periods on fatigue lives in available test

data, although practical considerations forced these experimental hold

periods to be of relatively short duration. However, those analyses

did indicate that the strain range partitioning approach is consistent

with the behavior of this material. Therefore, the current projections

are based upon that method.

The first step in estimating effects of long hold time is to

construct hypothetical hysteresis loops for the tests with long hold

periods. The basic method for constructing these loops was discussed

last quarter,66 but it will be briefly described here for completeness.
Having chosen a temperature (T) and total strain range (Ae ), one first

estimates the corresponding stress range, Aa. This estimate is based

upon plots such as those shown in Fig. 3.68, which gives estimates of

the effect of hold periods on the value of Aa at 538 and 593°C. The

corresponding plot for data at 482°C was shown last quarter.66

Next, one must estimate the magnitude of the stress relaxation,

Aa^, occurring during the hold period (see Fig. 3.69). Available
relaxation curves from the experimental creep-fatigue tests indicate

that these curves can be well approximated by the Gittus equation,67
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Act

which we express as

rri
In(C0/a) = Ci

ORNL-DWG 76-6362

STRAIN

Acrr

1
Fig. 3.69. Hysteresis Loop for a Test Involving a Hold Period at

Peak Compressive Strain.

(1)

where Oo is the stress at the beginning of the relaxation (ao = Aa/2),

and a and t are the instantaneous stress and time during relaxation.

Figures 3.70 and 3.71 illustrate the behavior of the constants C and

m from data obtained thus far at 538 and 593°C. (Again, the correspond

ing plots for 482°C were shown last quarter.) The scatter in the values

of C and m is extremely large, although the trends can be estimated as

shown in the figures. At each temperature, m appears to be approximately

constant. Values of C between strain range levels shown can be estimated

by linear interpolation.

Estimates of Aa, C, and m for a given temperature, strain range,

and hold period allow construction of an entire hypothetical hysteresis

loop. For example, consider a test with a compressive hold period of

t, . If Aa is given by Oo — a„, Eq. (1) shows that

or

ln(a0/a») = Ct^

Or. = O0 exp(-Ci^ J

m
(2)

(3)
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In terms of strain range partitioning,

Ae = Aa IE , (4)
pc r

where E is Young's modulus. The total inelastic strain range is given

by

Aeinel = A£t ~ (Aa ~ Kar),E (5)

where (Aa — Aa )/E is merely the total elastic strain range. Finally,

one has

Ae = Ae. .. — Ae , (6)
pp inel pc

completing the characterization of the loop.

Tables 3.22 through 3.24 give the hypothetical results constructed

by the above method. Several points about these results should be

stressed. First, the information at 482°C (Table 3.22) was constructed

from data for both heats 20017 and 3P5601 from the ORNL program, although

heat 3P5601 generally develops lower values of stress range for a given

strain range.68 At 538°C, the differences between these two heats are

even more pronounced, and the Aa values (Table 3.23) were estimated

from data for heat 20017 only since those were the most numerous at

that temperature. All data used at 593°C (Table 3.24) refer to Heat 3

from the program conducted by General Atomic Company.69 Two heat

treatments of this heat were used by Ellis et al.,69 labelled "annealed"

and "isothermally annealed." Their "isothermally annealed" material

developed slightly higher stress ranges than their "annealed" material,

and the values in Table 3.24 represent estimates of average behavior for

this heat of material. Therefore, one must use caution in comparing the

values in the tables at different temperatures, since the variations

are probably due partially to temperature effects and partially to the

fact that the data bases were different at different temperatures.
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Table 3.22. Long-Hold-Period Strain Components and Creep Fatigue
Lives for 2 1/4 Cr-1 Mo Steel at 482°C (900°F)

Calculated from ln(a0/a) = CtQ'lh

Predicted Lives, Cycles

Aa/2

(MPa)

Partitioned

Component

Strain

s (%)
Hold

Period Strain Range Partitioning Linear

Ae
PP

Aea
pa

Summation

of Damage
(hr)

Tensile Hold Compressive Hold

Total Strain Range 0.4%, C = 0.30

0 93,800 93,800 93,800

0.1 194 0.184 0.021 18,623 12,464 c

1 193 0.186 0.028 15,519 10,105 30,200

10 193 0.186 0.036 12,937 8,228 8,210

100 193 0.186 0.047 10,586 6,641 2,260

300 193 0.186 0.052 9,673 6,052 1,320

1,000 193 0.186 0.059 8,734 5,461 792

Total Strain Range 0.5%, C = 0.30

0 25,700 25,700 25,700

0.1 210 0.267 0.023 8,662 7,160 c

1 207 0.270 0.030 7,504 6,089 13,100

10 207 0.270 0.039 6,570 5,213 4,470

100 207 0.270 0.050 5,649 4,406 1,320

300 207 0.270 0.056 5,269 4,087 783

1,000 207 0.270 0.063 4,670 3,639 472

Total Strain Range 0.75%, C = 0.385

0 4,120 4,120 4,120

0.1 245 0.478 0.033 3,190c 3,006 c

1 238 0.486 0.042 2,941 2,755 3,280

10 238 0.486 0.055 2,700 2,507 2,010

100 238 0.486 0.069 2,479 2,288 969

300 238 0.486 0.077 2,374 2,187 684

1,000 238 0.486 0.085 2,267 2,085 478

Total Strain Range 1.0%, C = 0.47

0 2,000 2,000 2,000

0.1 285 0.690 0.045 1,931 1,910 c

1 275 0.702 0.055 1,793 1,778 1,690

10 2 70 0.702 0.072 1,650 1,640 1,230

100 269 0.702 0.087 1,534 1,529 762

300 269 0.702 0.097 1,463 1,462 595

1,000 269 0.702 0.106 1,407 1,410 432

Tot al Strain Range 2.0%, C = 0.47

0 679 679 679

1 305 1.671 0.061 625 665 603

100 300 1.671 0.097 563 618 319

300 298 1.671 0.105 551 609 257

1,000 296 1.671 0.117 534 595 192

a,,Creep" component may be Ae or Ae .

bValues for no hold time calculated from best fits to continuous cycling fatigue
data.

Not available.
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Table 3.23. Long-Hold-Period Strain Components and Creep Fatigue
Lives for 2 1/4 Cr-1 Mo Steel at 538°C (1000°F)

Calculated from ln(a0/a) = Ct0'16

Hold

Period
Aa/2

(MPa)

Partitioned Strain

Components (%)

P redict 2d Lives, Cycles

Strain Range Partitioning Linear

(hr)
Ae

PP
Aea

pa

Summation

Tensile Hold Compressive Hold of Damage

Total Strain Range 0.4%, C = 0 .55

0 93,800 93,800 93,800
0.1 188 0.185 0.034 13,600 8,690 16,200
1 182 0.192 0.044 10,600 6,850 5,530

10 178 0.196 0.056 8,530 5,510 2,170
100 174 0.201 0.068 6,970 4,570 1,240
300 172 0.203 0.073 6,420 4,240 969

1000 171 0.205 0.079 5,940 3,940 652

Total Strain Range 0.5%, c = 0 55

0 25,700 25,700 25,700
0.1 203 0.268 0.037 6,890 5,470 8,270
1 198 0.274 0.048 5,710 4,500 3,030

10 194 0.279 0.061 4,630 3,650 1,250
100 191 0.282 0.075 4,090 3,200 668

300 189 0.284 0.081 3,880 3,040 532
1000 187 0.286 0.086 3,690 2,880 c

Total Strain Range 0.75%, c = 0 67

0 4,120 4,120 4,120
0.1 233 0.484 0.049 2,820 2,630 2,680
1 226 0.492 0.063 2,540 2,360 1,610

10 216 0.503 0.076 2,290 2,130 1,080
100 212 0.507 0.091 2,090 1,940 700

300 208 0.512 0.097 2,020 1,880 544

1000 207 0.513 0.103 1,950 1,820 284

Total Strain Range 1.0%, c = 0 80

0 2,000 2,000 2,000
0.1 249 0.716 0.060 1,710 1,700 1,600
1 241 0.724 0.076 1,560 1,560 1,240

10 238 0.728 0.093 1,430 1,440 924

100 234 0.732 0.109 1,330 1,350 612

300 234 0.732 0.116 1,290 1,310 370

1000 234 0.732 0.122 1,260 1,280 c

Total Strain Range 2.0%, c = 0 80

0 679 679
0.1 293 1.665 0.071 609 654
1 289 1.670 0.091 573 626

10 288 1.671 0.113 539 600
100 283 1.676 0.131 511 577

300 283 1.677 0.139 501 569

1000 283 1.677 0.147 491 561

"Creep" component may be Ae or Ae
b PP op
Values for no hold time calculated from best fits to continuous cycling

fatigue data.
c

Not available.



193

Table 3.24. Long-Hold-Period Strain Components and Creep Fatigue
Lives for 2 1/4 Cr-1 Mo Steel at 593°C (1100°F)

Calculated from ln(a0/cr) = Ct°'21

Hold
Aa/2

Partitioned Strain

Components (%)

Predicted Lives, Cycles

Period

(hr)
(MPa) Strain Range Partitioning Linear

Ae
« a
Ae Summation

PP pa Tensile Hold Compressive Hold

0.33

of Damage

Total Strain Range 0.5%, C =

0 10,830 10,830 10,830
0.1 172 0.296 0.019 7,313 6,428 884
1 167 0.303 0.028 5,710 4,951 197

10 165 0.305 0.040 5,027 4,226 51
100 164 0.306 0.056 4,374 3,582 19
300 164 0.306 0.064 4,095 3,323 14

1000 164 0.306 0.073 3,828 3,084 c

Total Strain Range 0.8%, c = 0.50

0 2,270 2,270 2,270
0.1 183 0.584 0.029 2,594 2,525 743
1 176 0.592 0.041 2,363 2,291 272

10 173 0.595 0.057 2,139 2,066 110
100 172 0.596 0.075 1,938 1,870 65
300 172 0.597 0.082 1,861 1,796 56

1000 172 0.597 0.089 1,792 1,731 43

Total Strain Range 1.0%, c = 0.50

0 1,420 1,420 1,420
0.1 203 0.760 0.032 1,844 1,842 427
1 195 0.769 0.045 1,692 1,695 154

10 192 0.773 0.063 1,543 1,553 62
100 188 0.777 0.081 1,408 1,426 40
300 188 0.778 0.090 1,356 1,377 35

1000 188 0. 778 0.098 1,310 1,334 c

Total Strain Range 2.0%, c = 0.55

0 556 556

0.1 255 1.698 0.043 647 677 147
1 248 1.707 0.062 607 647 52

10 241 1.715 0.084 566 616 24
100 241 1.715 0.109 529 587 15
300 241 1.715 0.120 514 576 12

1000 241 1.715 0.129 502 566 9

"Creep" component may be Ae or Ae
b PC ep

Values for no hold time calculated from best fits to continuous cycling
fatigue data.

c

Not available.
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Finally, it must be stressed that the values in Tables 3.22 through

3.24 are merely estimates. The values are consistent with available

information for very short hold periods, but extrapolation to extremely

long hold periods must be done with caution. For instance, Eq. (1)

provides a good description of the experimental relaxation curves, but

there is no assurance that it adequately describes long-term behavior.

Equation (1) predicts that the stress continues to relax with time

toward an asymptotic value of zero. However, the asymptotic value

could actually be some finite positive stress, in which case Eq. (1)

would probably overpredict the amount of relaxation in long hold periods.

Fortunately, from the point of view of strain range partitioning, such

an overprediction would simply increase the conservatism of the results.

The softening due to hold periods shown in Fig. 3.68 is consistent

with previous estimates70 of the behavior of this material. However, the

actual magnitude of this softening is somewhat uncertain. In terms of

strain range partitioning, a decreased Aa would increase the total

inelastic strain but would decrease the amount of "creep" strain due

to relaxation. These opposing effects should decrease the sensitivity

of the predictions to variations in Aa. Therefore, we feel that life

predictions from Tables 3.22 through 3.24 can yield useful information,

even though those data are somewhat subjective.

Each of the hypothetical tests in the tables was analyzed by strain

range partitioning assuming the hold period to be in compression or in

tension. Based on available information, the mean stress was considered

to be zero, so that the compressive and tensile stress amplitudes were

equal. (Again, we recognize that this situation may not be the case for

very long hold periods. No available data indicate otherwise, however.)

The predicted lives from strain range partitioning using the interaction

damage rule are given in Tables 3.22 through 3.24.

The linear summation of damage approach has also been used to

estimate the cyclic lives of the hypothetical tests in the tables, although

no corrections have been made for the increased damage due to compressive

hold periods. (These corrections have been ignored here because the

linear summation predictions for long hold times appear overconservative

already.) Assuming a damage sum of unity, the predicted life can be

obtained from the summation
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Nh/Nf+NhDc(1) " X• (7)

where N„ is the expected continuous cycling life. Equation (7) then

yields

Nh = [Do(l) +HNf]~l . (8)

Finally, the tables also contain estimates of the continuous

cycling fatigue life, N„, at each temperature and strain range shown.

The values of il/. were calculated from previously reported71 best-fit

fatigue curves. It should be noted that in some cases at high strain

ranges (particularly at 593°C) predicted values of N, by strain range

partitioning are greater than the corresponding values of N*. This

occurrence is not to be taken as a prediction that the hold period

increases the fatigue life. Rather, it is merely a reflection of the

uncertainty in predicting fatigue lives. No cyclic life listed in

Table 3.22, 3.23, or 3.24 could possibly be considered accurate within

less than a factor of 2. Predicted values of the fatigue life reduction

factors {NJNi) from the tables are shown in Figs. 3.72 through 3.74.

(Note that Fig. 3.74 was constructed by using N~ = 1842 at Ae, = 1.0% for

consistency. Otherwise, the values of N„ in the tables were used.)

The predictions from strain range partitioning seem very reasonable.

For instance, at low strain ranges, compressive hold periods are

predicted to be more damaging than tensile hold periods. The predicted

cyclic lives are generally about the length one would expect from a

consideration of the available short-term data. On the other hand,

predictions from the linear summation of damage approach appear to be

extremely conservative, especially for very long hold times (5*100 hr)

and particularly at 593°C. It should be noted that because of differences

in data sets, more relaxation is generally predicted at 538°C than at

593°C. The smaller amount of relaxation at 593°C would tend to make

linear summation predictions relatively more conservative and strain

range partitioning predictions relatively less conservative. This effect

can be seen from the values in Tables 3.23 and 3.24.
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Fig. 3.72. Fatigue Life Reduction Factors, Nfr/Nf, for 2 1/4 Cr-1 Mo
Steel Subjected to (a) Compressive and (b) Tensile Hold Periods at 482°C
(900°F).
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Fig. 3.73. Fatigue Life Reduction Factors, NfrfNf, for 2 1/4 Cr-1 Mo
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Since the above hypothetical predictions cannot be verified by

actual experimental data, it is of interest to attempt to predict

conservative lower bounds on cyclic life to avoid problems due to

possible inaccuracies in the above predictions. One possible way to do
this would be to choose a value for Aa, and then to assume that relaxation

proceeds completely to zero stress in compression, yielding the maximum

amount of Ae strain (Ae - Aa/2£). Actually, this approach is
pc pc

equivalent to using Eq. (1) for relaxation, but letting the hold time

go to infinity. The choice of Aa is still a problem, but we merely
chose, the value corresponding to t^ = 0.1 hr in Table 3.22, 3.23, or
3.24. This choice was made because (1) that value is known fairly

well since actual test data extend that far, and (2) that value is

larger than the values for longer hold times and thus yields a greater
amount of Ae strain. (Actually predicted lives using Aa from

pc
t = 1000 hr were only a few percent longer than those for t, - 0.1 hr,

h n
so the above choice of Aa is not critical.)

Manson72 has suggested another possible procedure for estimating

worst effects due to creep-fatigue interactions. Since Ae is the

most damaging of the inelastic strain range components, a lower bound

on life could be defined by the predicted life letting all inelastic

strain be of Ae type. For a given inelastic strain range, N^ is
pc

merely the value of N from the strain range partitioning life
pc

relationships,73 here:

N = (Ae /215)-1'10 (9)
pc pc

The remaining problem is to estimate the total amount of inelastic

strain corresponding to a given total strain range. We have performed

this estimate in two ways.

The more conservative approach is to estimate the amount of inelastic

strain, Ae. ,to be expected in an actual test, and then to set Ae^
equal to this value. In this case it should be noted that

V •A£inel " A£t - (A°' -h°r)lE ' (10)
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"Thus, in this case, larger stresses correspond to smaller values of

Aepc' and conservatism requires a small value for Aa' — Aa'. We
proceeded as follows: first, we choose Aa' as the value (Aa - Aa ) from

r

a 0.1-hr hold period test. (The subtraction of Aa was merely an

arbitrary safety factor and yields Aa' values slightly lower than the

Aa values from the 1000-hr-hold-time tests. We then assumed the

maximum amount of relaxation in a compression hold period (i.e., relaxa
tion to zero). Thus

and

Aa' = Aa'/2
r

Aepc = Aet - Aa'/2£ • (11)

Equations (9) and (11) thus allow one to estimate a possible "worst

effects" cyclic life for each strain range and temperature. (It should

be noted that if the above value of Aa' were chosen as Aa from the

1000-hr hold tests, estimated worst effects lives became only a few
percent longer.)

Since relaxation cannot proceed beyond a zero stress, the maximum

possible value for Ae Is Oq/E, where Oq is the compressive stress
amplitude. This maximum value is thus Aa'/2£' above, for the case of

a zero mean stress. The above estimates of Ae are always greater

than Aa'/2£, meaning that they can never occur in a real hysteresis
loop unless there is a compressive mean stress. Geometric consideration

of a hysteresis with an extended compression hold period indicates that,
if anything, a tensile mean stress should develop. Therefore, the

above estimates for Aepe =Aeinel are probably larger than any that
might occur in a real situation, which of course means that the above

life predictions should be conservative.

Alternatively, we assumed a zero mean stress and set Ae equal to
pc ^

its maximum value of Aa/25", so that Ae = Ae. , = Ae = Ae 12. Such
pc mel el t

a hysteresis loop is shown in Fig. 3.75.
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Fig. 3.75. Schematic Hysteresis Loop Illustrating the Basis for
Calculation of Worst Effects Curves.

Figure 3.76 compares the two estimates of worst effects curves with

the above relaxation to zero stress curves and estimated 1000-hr

compression hold period curves with continuous cycling curves at 482,

538, and 593°C. In addition, Fig. 3.77 shows these same predictions

for tension hold periods at 538°C. Fig. 3.78 compares the two methods

of estimating worst effects curves.

The 1000-hr hold period predictions are quite near the relaxation

to zero stress predictions — reflecting the fact that Eq. (1) predicts

relaxation to near zero stress in 1000 hr. The two "worst effects"

curves are considerably more conservative than the relaxation to zero

curves, with those constructed by the first method above appearing

overconservative at high strain ranges, since the assumptions upon

which they are based are least valid at high strain ranges. It should

be noted that the first type of worst effects curves is virtually

independent of temperature. The second type is independent of temperature,

since the strain range partitioning Ae life relationship is independent
pc

of temperature.
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(1000°F), and (c) 593°C (1100°F).
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Work is continuing to assess the implications of the above results.

The relaxation to zero curves apparently do not represent the worst

conceivable situation at low strain ranges. Therefore, the remaining

choice is between the two types of worst effects curves. It would

appear that the Type II curves are more realistic in terms of actual

occurrence. However, scatter and uncertainties in the Ae life
pc

relationship mean that the Type II curves may not represent a firm lower

bound on life. Still, those curves have several advantages. First,

they are independent of temperature, and thus very simple to apply.

Second, they merely assume Ae = Ae,/2 and do not rely on estimates

of long-hold-time cyclic stress-strain and relaxation behavior. Work

is continuing to assess the possible effects of errors in the estimates

of Aa, C, and m on the other predictions. Also, all results will be

extended to lower strain ranges when currently planned low-strain

cyclic relaxation tests are completed.

3.4.4.2 Creep-Fatigue Data Analysis — M. K. Booker

Interim results of our analyses of creep-fatigue data for

2 1/4 Cr-1 Mo steel have been presented in several previous reports. k~7 6

This quarter we present updated results obtained thus far by the methods

of strain range partitioning and the linear summation of creep and
7 7fatigue damage.

The strain range partitioning approach involves partitioning the

plastic strain range traversed by a cycling specimen into four types:

Ae = tensile plastic strain reversed by
PP

compressive plastic strain,

Ae = tensile creep strain reversed by
cc v J

compressive creep strain,

Ae = tensile creep strain reversed by
cp v J

compressive plastic strain,

Ae = tensile plastic strain reversed by
pc v J

compressive creep strain.
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Here, "plastic" strain is defined as time-dependent inelastic strain,

while "creep" strain is defined as time-dependent inelastic strain.

Figure 3.79 illustrates the "life relationships" determined for these

four types of strain, whereby Ae , Ae , Ae , and Ae are related
Jy J pp cp pc cc

respectively to N , N , N , and N , where N. is the expected cycle
^ J pp cp pc CC 1

life of a specimen cycled in pure Ae. strain. Shown in the figure are

the lines previously determined by Manson et al., compared with data

from the current ORNL program and from the program at General Atomics

Corporation.69 The scatter in the ORNL and GA data is caused partially

by the fact that in all cases the creep strain component (Ae , Ae , Ae )

was small in comparison with the total plastic strain range.

It should be noted that both the lines and points in Fig. 3.79 were

calculated by the linear damage rule, given by

1 +J- + -J-+ 1 l
N N N N N " (1)

cp pc cc pp v '

Ellis et al.69 report somewhat unsatisfactory results in the analysis of

their data using the above rule, being able to predict the cylic life only

within a factor of 3. Moreover, their analysis generally overestimated

the cyclic lives. Figure 3.80 shows results of analysis of the ORNL data

using the life relationships of Fig. 3.79 and the interaction damage

rule, given by

F F F F .
eP , J£C_ . _cc_ _££ = 1 (2)

N N N N N '
cp pc cc pp

where, for example, F = Ae l^±neV Aeinei being the total inelastic
strain range. Results of our analysis of the GA data were reported

previously,68 the margin of error being an acceptable factor of 2

(Fig. 3.81).

The reason for the improvement of our results over those of Ellis

et al.69 can be seen in Fig. 3.82, Comparing Figs. 3.79(d) and 3.82(a),

it is clear that the life relationship line used for Ae strain

describes the current data significantly better in terms of the interaction
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Approach.
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damage rule [Eq. (2)] than in terms of the linear damage rule. On the

other hand, data for tests with compressive hold periods seem about

equally well-described by either summation procedure. We have used the

interaction rule for life predictions in all cases, since most recent

results appear to favor that procedure.78

A popular method for the analysis of creep-fatigue data in the past

has been the method of linear summation of creep and fatigue damage.77

This method involves numerical integration of a typical relaxation curve

during a hold period to calculate the creep damage per cycle as

D(l) = L h dt/t (3)
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where i, is the total hold time and t is the rupture life. The total
h r r

creep damage is then

Dc *W1' • (4)

where N, is the total number of cycles to failure in the given hold-

time test.

The fatigue damage is given by

DF = Nh/Nf ' (5>

where N„ is the number of cycles to failure that would have been expected

with no hold time. Then, the total damage is given by

'"Dc +df • <6)

Figures 3.83 through 3.86 show the results of calculations from

Eq. (6) for the currently available data. The smaller data points in the

figures were calculated by use of expected values of t and N„. The

larger symbols indicate calculations made by use of lower limit values

on t and N* (i.e., t and il/,), Thus,
r n m d

^ +^ -Dd ' <7)

where D and D„ are the values of creep and fatigue damage calculated
C r

from t and /V,. In these figures, values of N„ were estimated from
ma j

continuous cycling data » for these same heats of material, while t

at each stress was calculated from a previously published equation

for that property.

Values of N', were obtained from the ORNL fatigue design curves for

this material,79 while calculation of t is somewhat more complicated.

Current creep fatigue design rules81 specify that
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Fig. 3.83. Creep and Fatigue Damage Calculations for 2 1/4 Cr-1 Mo
Steel for Use in the Linear Summation of Damage Approach. Data for Tests
with Hold Periods at Peak Compressive Strain. K' = 1.0.
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Fig. 3.84. Creep and Fatigue Damage Calculations for 2 1/4 Cr-1 Mo
Steel for Use in the Linear Summation of Damage Approach. Data for Tests
with Hold Periods at Peak Tensile Strain. K* = 1.0.
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Fig. 3.85. Creep and Fatigue Damage Calculations for 2 1/4 Cr-1 Mo
Steel for Use in the Linear Summation of Damage Approach. Data for Tests
with Hold Periods at Peak Compressive Strain. K* = 0.9.
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Fig. 3.86. Creep and Fatigue Damage Calculations for 2 1/4 Cr-1 Mo
Steel for Use in the Linear Summation of Damage Approach. Data for Tests
with Hold Periods at Peak Tensile Strain. K' - 0.9.
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P 9

£ (n/N ). + Z (.tit), < D* , (8)
j-1 ° k=l m K

D* = some specified "damage factor" (currently undefined for

2 1/4 Cr-1 Mo steel),

n = the number of cycles applied under loading condition J,

N~ = the number of design allowable cycles under loading condition j,

t = time duration of loading condition k,

t = allowable time under loading condition k.
m

The value of t is calculated as the lower limit time to rupture at the
m r

temperature of interest under a stress given by the stress from load k

divided by factor K", which is defined as 0,9 for austenitic stainless

steels and for Incoloy Alloy 800H.

Based on the minimum stress-rupture curves for 2 1/4 Cr-1 Mo steel,80

the following equation was used for t :

log t = 566 {46.263 - 0.4194 ln(aAO - 0.4589 [ln(a/iT) ]2}/T - 20 (9)
m '

where

t = allowable time under loading condition k.
m

o = stress (MPa),

T = temperature (K),

The values shown in Figs. 3.83 and 3.84 were calculated by use of K* = 1,0,

while the values in Figs. 3,85 and 3.86 were obtained by use of K* = 0.9.

Figure 3.87 shows the effect of K.' on the minimum stress rupture curves,

with K' = 0.9 yielding values of t roughly half those for K* = 1.0, thus

approximately doubling the value of D above.

It should be noted that the values in Figs. 3.83 through 3.86 were

actually calculated from

D = 0.9/I/.Z? (1)c h cy (10)
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Fig. 3.87. Effect of Using K' = 0.9 on Minimum Stress Rupture
Curves for 2 1/4 Cr-1 Mo Steel from ASME Code Case 1592.

rather than from Eq. (4). This procedure was based on an estimate that

the stress range required to maintain the imposed strain range drops to

about 95% of its half-life value at about nine-tenths of the cyclic life.

After this point, a sizable crack may exist in the test specimen.

However, this correction was found to be a very minor one, and in

subsequent life predictions, we used Eq, (4) for simplicity.

Assuming a value of D = 1 in Eq. (6), cyclic lives can be predicted

by

Nh= a-Do)/nf (ID

Figure 3.88 shows the results obtained for the current data by use of

this equation. Clearly, the cyclic lives are predicted quite well for

the tests involving tension hold periods. However, for this material

compressive hold periods are generally more damaging than tension hold

periods, especially at low strain ranges. Since the only creep-rupture

data available were from tensile creep tests, calculated t was in all

cases based on these tensile creep-rupture properties. Figure 3.88

shows that the cyclic lives for low-strain-range (long-life) tests

involving compression hold periods are generally overestimated at

temperatures of 482 to 538°C (900-1000°F).
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Fig. 3.88. Results of Life Predictions for Creep-Fatigue Tests of
2 1/4 Cr-1 Mo Steel Using the Linear Summation of Damage Approach.

Two possible corrections can be conveniently applied to Eq. (11) to

increase the accuracy of the life predictions for compression hold tests.

First, the value of the summation of damage can be changed to some

number smaller than unity. However, such a correction is probably not

warranted. The problem appears to be mainly the inadequacy of predicting

compressive creep damage from tensile creep behavior. Thus, a more

direct approach would be to attempt to correct D to a more realistic
c

value. The simplest way to do this is to correct D by some factor B,

changing the damage summation equation to

Df+BDo=l ,

so that the predicted life is given by

(12)
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Nhm (1
£D0)lNf (13)

For each of the available compression hold tests in the range 482—

538°C from the ORNL program, values of 3 were calculated from the

experimental values of N- according to

6 = a-DF)iDc (14)

Various relationships were attempted to quantify variations in the

values thus obtained for 6. The most successful correlation found is

illustrated in Fig. 3.89, where 3 is shown to be approximately given by

3 = 0.22Z?
_1 .2"+
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Clearly, the scatter in Fig, 3.89 is large, although a value of

3 - 0.69D^~l •*"* could be used as a conservative upper limit for the-1.24

current data.

Figure 3.90 shows the results of life predictions made using Eq. (13)

with 3 estimated by Eq. (15). For completeness, predictions are shown

for all ORNL tests, although only compression tests in the range

482 to 538°C were predicted with the 3 factor.

In terms of fits to data, the method of strain range partitioning

clearly provides the best results of the three methods presented above.

The coefficients of determination (i?2) given in Table 3.25 show that the

3 correction significantly improved the fit obtained from the linear

summation of damage approach, as is obvious from Figs. 3.88 and 3,90.

However, the strain range partitioning predictions are much better still.

ORNL- DWG 76-11309

PREDICTIONS MADE BY THE LINEAR SUMMATION OF CREEP AND FATIGUE DAMAGE

TENSILE AND TENSILE AND COMPRESSIVE HOLDS :-^ +I /'" 2L -. \
A/f 0 t,

COMPRESSIVE HOLDS : -^- -t-flZ /'t>-^ =1
/Vf 0 ',

/3=0 22[Z/'h ^-l"1-24 ^CYCLIC LIFE WITH HOLD PERIOD
0 '' /V,= CYCLIC LIFE WITHOUT HOLD PERIOD

2 5 10° 2 5 10" 2 5 10D 2 5 10°
/VExp, EXPERIMENTAL LIFE (cycles)

Fig. 3.90. Results of Life Predictions for Creep-Fatigue Tests of
2 1/4 Cr-1 Mo Steel Using the Linear Summation of Damage Approach with
Compressive Creep Damage Modified by the 3 Factor from Fig. 3.89.
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Table 3.25. Fits to ORNL Creep-Fatigue Data Using Strain Range
Partitioning and Linear Summation of Damage

Method

R , Coefficient of Determination, %

Compression Hold Data (39 tests) All Data (56 tests)

Strain Range Partitioning15 92.8% 91.7%
Linear Summation 41.1% 67.8%

Modified Linear Sunmiationd 63.2% 79.6%

The value of R2 represents the percentage of variations in the data that are
described by the model.

Using the Interaction Damage Rule.

cUsing D + D =1.

^sing D„ + BD =1.
t c

The strain range partitioning technique is thus seen to have several

distinct advantages in describing the creep-fatigue behavior of this

material. These include: (1) good general fit to the available short-

term test data; (2) ability to reflect the larger damage due to

compressive vs tensile hold periods at low strain ranges; (3) simplicity

in application once the life relationships are determined (at least in

uniaxial situations); (4) apparent temperature-independence of life

relationships; and (5) ability to construct possible "worst effects"

curves, as was discussed in Sect. 3,4.4.1,

However, several uncertainties still remain. For instance, we

assumed all inelastic strain during continuous cycling at 4 x 10-3/sec

to be of the Ae type. Little information is available at higher
pp

strain rates, so it is not possible to fully verify that no significant

creep component arises during cycling at this strain rate. Also, in a

test with a tensile hold period at peak strain, for example, the amount

of Ae strain was calculated by Ae = A0 IE, where E is Young's modulus
cp cp r '

and Aa is the total change in stress during the hold period.

However, we have seen some evidence that at the beginning of a hold

period, the stress undergoes a sudden rapid decrease, followed by a

period of more gradual relaxation. Diercks82 has attributed a similar

decrease for type 304 stainless steel to a strain rate effect caused



218

by a sudden change from the ramp strain rate to the zero strain rate of

the hold period, and has thus suggested that the strain corresponding to

this initial stress drop be considered plastic rather than creep strain.

Interestingly, the fact remains that even with the above simplifications,

the method fits our data quite well. The above effects need to be

considered, however.

Uncertainties that need to be resolved concerning the strain range

partitioning technique in general include the following,

1. The method has no explicit method for dealing with strain rate

effects and therefore may not fully account for these effects.

Preliminary results from the method recently developed by Majumdar83

indicate that strain rate plays an extremely important role in

determining the damage caused by a given amount of inelastic strain.

2. The method assumes that the damage caused by hold periods is due

totally to creep effects, and does not account for environmental effects

or for the effects of metallurgical processes such as strain aging.

Recent results reported by James show that crack growth studies indicate

that the effects of environmental interactions can be a prime cause of

damage during hold periods.

3. The life relationships for 2 1/4 Cr-1 Mo steel are yet to be

fully verified. Influences due to temperature, heat-to-heat variations,

melting practice, etc. need to be determined. In addition, limits of

extrapolation of the relationships and their linearity in log-log

coordinates need to be verified. Also, the current relations were derived

from the linear damage rule, although they seem consistent with our

results from the interaction rule over a limited range.

4. Additional long-term complex-wave-form tests are required for

full verification.

The relatively poor fits to the data by the linear summation of

damage approach raise the question of whether the creep-fatigue rules

in current use for austenitic materials are applicable to 2 1/4 Cr-1 Mo

steel. Figures 3.83 through 3.86 indicate that the value of D, from

Eq, (7) is well above unity in all cases, typically being 10 or greater.

However, for low-strain-range compression hold tests, the factor of
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safety can be considerably reduced. The worst situation occurs in the

case of specimen MIL-46, which was tested with 0.01-hr hold periods at

peak compressive strain at a strain range of 0,3% at 538°C. The

predicted damage summation using average properties was only 0.194 for

this test. The design value using K" = 1.0 was 3.625, and using K" = 0.9

was 4,439. If one applies a conservative value of 3 from 3 = 0.69D

(where D is obtained from average properties) the damage sum becomes

13.32 with K" = 0.9 or 7.51 with K* = 1.0. Thus, it appears that

conservative results can be obtained by using the current procedure

with K* = 0.9, if D* from Eq. (8) is unity and if compression hold tests

are corrected using 3 = 0.69D -1'21*, where D is given from Eq. (4).

3.4.5 Mechanical Properties Correlations for 2 1/4 Cr-1 Mo Steel
Uniaxial Stress Relaxation of 2 1/4 Cr-1 Mo Steel - M. K. Booker

and R. W. Swindeman

From comparisons with limited experimental data for a single heat

of isothermally annealed, air-melted plate of 2 1/4 Cr-1 Mo steel, it

appears that isothermal, uniaxial relaxation behavior can be estimated

from creep behavior by use of the hypothesis of strain hardening.

Resonable productions were obtained using strain hardening in conjunction
ft0

with the creep equation for this material, described by Booker et al.,

although this approach tended to overestimate the amount of relaxation

at lower temperatures (< about 538°C) and higher stresses (> yield

strength).

3.4.5.1 Creep Data

For a discussion of the creep data upon which the creep equation

for the material was based, see ref. 80. The data consisted of 37 tests

from 5 different heats of material meeting the following restrictions:

room-temperature ultimate tensile strength — 483—517 MPa (70—75 ksi);

room-temperature (0.2% offset) yield strength - >207 MPa (30 ksi);

carbon content — 0.07—0.15 wt %;

chromium content — 2.0—2.5 wt %;

molybdenum content — 0.9—1.1 wt %.



220

Except for the narrower restrictions on tensile strength, these

restrictions are given in the Nuclear Systems Materials Handbook. The

minimum carbon content of 0.07 wt % is in accordance with ASME Sect. Ill

for components in service above 371°C (700°F). The other restrictions

are contained in ASME specifications SA-336-F22A and SA-387-22-C1 I.

The equation was developed from data for annealed material from tube-

pipe, bar, and plate stock. As far as can be determined, all material

was air melted.

3.4.5.2 Relaxation Data

Predictions of relaxation behavior were compared with experimental

relaxation data for a single heat of annealed air-melted material.

This heat was one of the five used in developing the creep equation.

The material had the following composition: 0.11% C, 0.55% Mh, 0.29% Si,

2.13% Cr, 0.9% Mo, 0.014% S, and 0.11% P. Bar specimens having a 6-mm-

diam by 32-mm-long reduced section were machined from 25-mm-thick plate

after annealing at 927°C and furnace cooling. The microstructure con

sisted of proeutectoid ferrite with about 5% pearlite and 1% bainite.

Tests were performed in an electrohydraulic machine, using servocontrol

based on the feedback signal from an extensometer attached to the speci

men shoulders. Test temperatures included 450, 482, 510, 538, and 566°C

(842, 900, 950, 1000, and 1050°F). At each temperature a specimen was

tested for approximately 100 hr (ruii 1), then reloaded to higher strains

for subsequent testing (run 2, etc.). In addition, a series of single

loading tests extending to 1000 hr at various strain levels at 510°C

was available. Most of the data are shown in Sect. 3.4.5.4.

3.4.5.3 Analytical Procedure

Currently recommended interim design rules70 suggest that relaxation

behavior for 2 1/4 Cr-1 Mo steel be estimated from creep behavior in

conjunction with the hypothesis of strain hardening. Some results,

however, indicate that strain hardening may not be an adequate

representation of the variable load behavior of this material.70'85

For this reason, the strain hardening approach must currently be regarded

as interim.
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Basically, the strain hardening approach involves the hypothesis

that the instantaneous creep rate, e , is uniquely determined by the

instantaneous stress, temperature, and accumulated creep strain,

e = e (o,T,e ) .
c c c

Booker et al.80 recommend an equation for creep strain (e ) as a

function of time (t), stress, and temperature of the form:

t

where

e = + e t , (1)
c a + bt m

where a, b, and e are given by

log a = 12.26 - 3.348 x 10"6T2 + 9.353 x 10~V - 1.167 x 10-Ta , (2)

log b =-52.19 + 0.0868T - 3.368 x io-5r2 - 1.152 (log a)2 , (3)

log e = -30.04 + 0.015167T + 2.001 x 10"3T(log a)2 , (4)
e m

T = temperature, °R;

0.556T- 273 = temperature, °C

a = stress, ksi

6.895a = stress, MPa.

Equations (1) through (4) are valid for stresses of from 7 to 448 MPa

(1-65 ksi) from 371 to 593°C (760-1100°F), except that below 438°C

(820°F), values of b are given by the value at that temperature.

Equation (1) can be solved for time as a function of creep strain

to yield

be - ae - 1 + /(ae + 1 - be )2 + kaebet =S. HL L^2 2 2J . (5)
2be

m
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With Eq. (5) one can use Eq. (1) to predict relaxation behavior via the

hypothesis of strain hardening.

The exact procedure used to calculate relaxation behavior was as

follows:

First, divide the stresses traversed into small intervals (we used

0.5 MPa = 0.072 ksi), then assume that relaxation occurs as a stepwise

process through these intervals downward from the initial stress, as

shown schematically in Fig. 3.91.

The stress decrease of 0.5 MPa corresponds to a decrease in elastic

strain of 100(0.5/E), where E is the static Young's modulus (MPa) as

given in ASME Code Case 1592 approximately equal to:86

E = 6895(30.69 - 0.021697 + 7.492 x 10"5T2 - 1.170 x 10"7T3) (T = °C) . (6)

Thus, it is assumed that the stress remains at each level for a time

period long enough to allow a creep strain of 100(0.5/E). If Ae is

the total accumulated creep strain at the beginning of a given stress

level, then Ae + 100(0.5/5') is accumulated creep strain at the end of

ORNL-DWG 76-14134

Aa-

TIME

Fig. 3.91. Schematic Illustration of a Relaxation Curve as
Approximated in the Numerical Calculation of Relaxation from the Creep
Equation Using the Hypothesis of Strain Hardening.
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a given stress level. Thus, the time spent at that stress level is

t[Ae + 100(0.5/5*)] - t(Ae), where t is given by Eq. (5) above and where

a. b, and e are defined at the current stress level. For reloadings,
3 ' m

the time is reset to zero at the beginning of subsequent relaxation

periods, but the creep strain accumulation continues monotonically.

3.4.5.4 Results

Comparisons between predictions made by the above approach and

experimental relaxation data are illustrated in Figs. 3.92 through 3.94

at the various temperatures for which data are available. Clearly,

at all the higher stress levels the predictions appear to overestimate

the amount of relaxation, at least for the times shown in these figures.

This problem worsens at lower temperatures (<538°C), where the relaxation

response is consistently overestimated. Figure 3.92 shows that at

450 and 482°C (842 and 900°F) the relaxation curves on subsequent

loadings are essentially parallel and the predictions always show more

relaxation than do the experimental curves, at least to 100 hr. At

510°C (950°F), the material appears to weaken in terms of resistance to

relaxation upon reloading. The predictions (Fig. 3.93) are quite good

for initial stresses less than about 170 MPa («* 25 ksi) , but over-

predict relaxation at higher stresses, at least for the single run

tests in Fig. 3.93(a). Available tests at 538°C (1000°F) again indicate

weakening upon reloading; and the predictions again overestimate

relaxation for these high-stress tests [Fig. 3.94(a)]. At 566°C (1050°F),

available data [Fig. 3.94(b)] indicate that the predictions agree quite

well with curves for reloaded specimens, but overpredict the amount of

relaxation upon initial loading, at least at high stresses.

3.4.5.5 Limitations

All limitations and restrictions on the creep equation are inherently

a part of this correlation as well. The basic range of applicability

of the creep equation is as follows:

1. Stress: 7 MPa < a < 448 MPa (1 ksi < a < 65 ksi). The equation is

limited at low stress by the minimum in the e equation at

a = 6.9 MPa (1 ksi).
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2. Temperature: 371°C < T < 593°C (700°F < T < 1100°F)

3. t3 = 0.28t^-07, where t = rupture life; log t =-31.45 + 39,320/T
- 19.75 log a + 0.01647 log a

a = stress, MPa,

T = temperature, K,

4. Calculated strain: < design criteria strain limits per applicable

code or specifications.

Clearly, these restrictions contain some unrealistic regions [e.g.,

the upper limit of 384 MPa (65 ksi) exceeds the expected ultimate tensile

strength]. Also, one must remember the above results, which indicate

that the current approach generally overestimates relaxation response

at lower temperatures (below about 538°C) and higher initial stresses

(> yield strength), although the limited available data do not make it

possible to precisely determine the stress-temperature region where

problems exist. All results considered, it appears that the current

approach will yield reasonably good results for low initial stresses

(< yield strength), especially for relaxation after the reloadings.

However, the complex nature of this material and the inaccuracies of

some predictions indicate a need for further studies of hardening

rules.

3.4.6 Mechanical Properties of Transition Weld Joint Materials

3.4.6.1 Creep Properties — R. L. Klueh and J. F. King

Last quarter87 we reported on creep-rupture tests on Inconel 82

weld metal at 454, 510, and 566°C (850, 950, and 1050°F). Several more

tests were completed at these temperatures, and the data for all

completed tests and those in progress are given in Table 3.26. Examination

of the data reveals several premature failures at each temperature. As

stated last quarter, the reason for such failures is being investigated.

In Fig. 3.95 the creep-rupture curves are given at 454, 510, and

566°C, while Fig. 3.96 shows the stress as a function of minimum creep

rate at these temperatures. For both figures the results from the tests

that failed prematurely have not been plotted.
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Table 3.26. Creep-Rupture Properties of Inconel 82 Weld Metal

Stress Rupture Total Reduction Minimum

Life Elongation of Area Creep

(MPa) (ksi) (hr) (%) (%) Rate (%/hr)

Tests at 454°C (850°F) on Welds in 19-mm (3/4-in.) Plate

414 60 a

434 63 a

455 66 b 0.000160

483 70 c 0.000273

483 70 68.1 37.0 54.2 0.00769

483 70 75.1 33.4 50.5 0.0187

496 72 1012.6 36.0 38.5 0.000769

510 74 142.3 40.2 52.5 0.013

517 75 3.2 33.7 53.0 0.125

Tests at 510°C (950°F) on Welds in 13-mm (1/2-in.) Plate

379 55 a 0.000012

396 57. 5 b 0.0000195

414 60 1645.4 23.6 19.7 0.000463

434 63 1205.1 33.7 29.3 0.000536

448 65 357.1 39.1 35.9 0.00459

455 66 4.0 40.4 39.0 0.150

455 66 39.4 38.7 42.9 0.138

465 67. 5 37.1 48.4 51.8 0.209

483 70 10.9 48.4 53.7 0.395

Tests at 566°C (1050°F) on Welds in 13-mm (1/2-in. ) Plate

328 47. 5 b 0.0000149

345 50 778.8 14.5 15.6 0.000324

345 50 a 0.000031

365 53 1087.5 17.2 18.2 0.000611

379 55 841.1 18.9 18.9 0.00105

396 57.

\
448.2 21.4 19.6 0.00280

396 57. 124.6 21.9 0.0652

396 57. 63.8 22.2 0.133

414 60 112.8 29.7 27.4 0.0331

434 63 29.5 37.6 36.8 0.231

Test in progress.

Test discontinued before rupture.

"Temperature overshot and test failed after 2430 hr.

Tests made on 19-mm (3/4-in.) plates.
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During this quarter, several tests were started at 621 and 677°C

(1150 and 1250°F). The first results from these tests will be reported

next quarter. We have also made a weld from which specimens will be

obtained to make creep-rupture tests at 732°C (1350°F).

3.4.6.2 Fatigue Behavior of Transition Joint Materials — J. P, Strizak

Collection of fatigue and creep-fatigue data on Inconel 82 filler

metal has begun in support of the LMFBR transition joint technology

needs and development program. All-weld-metal specimens were made from

large deposits of Inconel 82 filler metal with 19-mm-thick (3/4 in.)

2 1/4 Cr-1 Mo steel plates as a base metal. The plates were prepared

with a 30°-included-angle V-groove joint geometry with a 32 mm (1 1/4 in.)

root opening and a backing strip. Weld deposits were made by the

automatic gas tungsten-arc welding process with cold wire filler additions.

The welds were stress relieved at 732°C (1350°F) for 1 hr.

Uniform-gage fatigue specimens, 6.35-mm-diam (0.250 in.) by 10.16-mm-

long (0.400 in.) gage section, were fabricated with the specimen taken

from the center of the weld thickness with its longitudinal axis

transverse to the weld direction. The specimens were inspected radio-

graphically, and sound (free from porosity defects) specimens and

specimens with defects were identified.

Continuous cycling and creep-fatigue fully reversed strain-controlled

tests were conducted on a electrohydraulic closed loop fatigue testing

system employing an axial extensometer. Specimens were heated by induction

in air. Thermocouples were spot welded to the specimens some distance

from the gage area for temperature control and monitoring.

Results of continuous cycling strain-controlled fatigue tests at

538°C (1000°F) are shown in Fig. 3.97. All tests were conducted at a

constant strain rate of 4 x 10~3/sec with a triangular waveform as shown

in Fig. 3.98. Comparison of Inconel 82 weld metal with transition weld

joint base materials (type 316 stainless steel and 2 1/4 Cr-1 Mo steel)

showed that the fatigue behavior of Inconel 82 weld metal was similar

to that of the base metals in the low-cycle region. However, Inconel 82

exhibited superior fatigue resistance in the high-cycle region.
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In addition to continuous cycling tests, several tests involving

hold periods introduced each cycle at peak strain amplitudes (see

Fig. 3.98) have been conducted to date to determine the influence of

creep-fatigue on the failure behavior of Inconel 82. Results of tests

with tensile and compressive strain hold periods of 0.1 hr are shown in

Fig. 3.99. Generally, the reduction in fatigue life increased as strain

range was decreased. Tests are continuing to determine the most

detrimental type of hold period (tensile, compressive, or both) and the

influence of increasing hold time on the creep-fatigue behavior of

Inconel 82.

Several continuous cycling tests at 538°C (1000°F) were repeated

with specimens with defects (porosity). Estimates made from radiographic

negatives indicated that the pore sizes in the specimens ranged from

0.3 to 0.7 mm (0.012-0.028 in.) in diameter. As shown in Fig. 3.100

fatigue lives were reduced by 80~90% at the elevated temperature. Ishii88

has shown that porosity up to 5% had little effect on the room-temperature

fatigue behavior of mild steel. However, Buchanan and Young89 showed

that in 2 1/4 Cr-1 Mo steel welds at 649°C (1200°F), 5-8 vol % porosity

could reduce fatigue life by 98%.

3.5 HIGH-TEMPERATURE DESIGN - J. M. Corum* and C. E. Pugh*

3.5.1 Uniaxial Material Behavior Tests — R. W. Swindeman

The objectives of these studies are (1) to perform exploratory uni

axial tests to identify basic inelastic high-temperature material behavior

for input into constitutive equation development, (2) to provide charac

terization data needed as input into inelastic analysis of structural

tests, (3) to provide limited data as needed in support of subcontracted

activities, (4) to provide limited data in support of failure criteria

development, and (5) to identify materials properties data needed for

high-temperature design. Studies involve materials of concern for liquid-

metal fast breeder reactor (LMFBR) components. The emphasis has been

*Reactor Division.
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placed on type 304 stainless steel (heat 9T2796), and recently testing

of type 316 stainless steel has begun. Studies are separated into three

categories — time-independent plasticity (stress-strain behavior), time-

dependent creep (creep and relaxation behavior), and creep-plasticity

interactions. Monotonic and cyclic tests are involved in each category.

3.5.1.1 Exploratory Testing of Type 304 Stainless Steel — R. W. Swindeman,
R. K. Bhargava,* J. Moteff,* and V. K. Sikka

The studies on type 304 stainless steel (heat 9T2796) were curtailed

during the last reporting period to concentrate manpower and equipment

for studies on 2 1/4 Cr-1 Mo steel, materials used for the third Thermal

Transient Test, and type 316 stainless steel. It is expected that the

effort on type 304 stainless steel will gradually increase over the next

two reporting periods.

The low-strain tensile data for the 25-mm (1-in.) plate of the refer

ence heat have been analyzed and a report was issued. ° A paper that

describes the applicability of the model to other product forms of the

reference heat has also been written.7 A somewhat improved model for low-

strain tensile flow is currently being developed by Sikka et al.,30 and

this new model could be used to replace the existing representation.

No significant experimental activity involving monotonic or cyclic

stress-strain behavior was undertaken in this reporting period.

Creep testing of the reference heat has been limited to a few tests,

which involve thermal cycling. The results, in general, reveal that the

rate after temperature changes cannot be predicted by the use of a single

activation energy term. Data which bear on this are shown in Fig. 3.101,

where the creep rate is plotted on a logarithmic scale against creep strain

for a test at 121 MPa (17.5 ksi). A temperature change was introduced

every week and involved temperatures of 566, 593, and 621°C (1050, 1100,

and 1150°F). Examination of the data in Fig. 3.101 reveals that the

creep rate at 593°C is less after heating from 566°C than after cooling

from 621°C. This phenomenon gives rise to an activation energy that

*University of Cincinnati.
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depends on the prior history and varies from 331 to 503 kJ/mole (79 to

120 kcal/mole). Another interesting feature of the creep behavior is

the acceleration of the creep rate at 621°C after the low-temperature

exposure. One interpretation of this behavior is that the internal

stress,91 a., must be a higher percentage of the applied stress, O, at

593°C than at 621°C. If true, the accelerating creep rate period at

621°C could represent the period in which the internal stress is decreasing,

This is consistent with observations made in relaxation testing,92 where

the ratio of the internal stress to the flow stress was found to have

values near 0.31, 0.39, and 0.50 for temperatures of 760, 704, and 649°C

(1400, 1300, and 1200°F), respectively. An extrapolation of this trend

leads us to expect a ratio near 0.56 at 566°C and near 0.65 at 593°C for

stresses around 121 MPa. Assuming Wilshire and co-workers9 3'9"* are

correct, the creep rate, e, should be related to the effective stress,

(o — o.), according to a power law. Thus:
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e <* (a — Oj)n , (1)

where n is a constant near 4. Just after the temperature change to 621°C,

e might reflect the O^/o ratio at 593°C (0.65), and gradually this decreases

to the ratio for 621°C (0.56). Such a change would result in tripling

the creep rate at 621°C, which is not unreasonable. We are now attempting

to repeat the test. Further considerations of internal stress concepts

are presented later.

No progress was made in this reporting period with respect to creep-

plasticity interaction studies for type 304 stainless steel. We expect

to resume testing in the next reporting period, however.

Although the constant-load creep and rupture testing of type 304

stainless steel has been completed, the evaluation of the data produced

in this test series will continue for some time. Current efforts by

Robinson and Clinard95 to develop deformation models that embody hardening

and recovery concepts can be guided, to some extent, by knowledge of the

manner in which metallurgical substructure is influenced by thermo-

mechanical history. Metallurgical studies currently in progress involve

transmission electron microscopy, scanning electron microscopy, and

optical microscopy of spcimens tested in tensile, creep, and cyclic modes.

This work is intended to supplement research funded under other contracts 6

at the University of Cincinnati. When combined with results obtained by

Sikka97 at ORNL and Etienne, Dortland, and Zeedijk98 on a similar material,

it should provide a very comprehensive picture. This information will

serve as a framework on which to evaluate material behavior under variable

conditions.

Substructural features that have been examined include the cell and

subgrain sizes, subgrain misorientations, dislocation line densities,

dislocation-precipitate interactions, precipitate sizes and locations,

and microscopic cracking patterns. In a report currently in preparation

the kinetics of the precipitation of M23C6 under stress has been studied.

Data from this study are plotted in Fig. 3.102, wherein the symbols repre

sent creep-tested specimens that were examined by transmission electron

microscopy. Filled symbols indicate the presence and open symbols the
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absence of matrix precipitates. Superimposed on these data are solid

lines, taken from the work of Etienne, Dortland, and Zeedijk,98 which

represent the time and temperature associated with the development of

specific sizes of precipitates in the absence of stress. Finally, dashed

lines are shown to represent the development of specific sizes of precipi

tates in the presence of stress. These lines are based on the University

of Cincinnati studies but are consistent with the observations of Etienne,

Dortland, and Zeedijk for highly stressed specimens. The data suggest

that the size of the precipitate particles is greatly influenced by the

stress. For example, at 593°C (1100°F) the time required to develop a

precipitate size of 500 A in the presence of stress is about one-tenth

the time for the same size without stress. Above 593°C it appears that

the time to initiate the precipitation is also accelerated by the presence

of stress.

Grain boundary precipitation kinetics is summarized in Fig. 3.103.

Again, the symbols represent specimens examined after creep testing and
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Fig. 3.103. Effect of Stress on the Time-Temperature-Transformation
Diagram for Grain Boundary Carbide Precipitation in Type 304 Stainless
Steel.

the solid lines represent expected trends, in the absence of stress, as

observed by Etienne, Dortland, and Zeedijk.98 Since all but two of the

creep-tested specimens exhibit grain boundary carbides, specimens tested

for shorter times were examined by light microscopy to see if grain

boundary carbides were present. These specimens also exhibit precipitates

in the stressed regions, and the test conditions for these short-time

tests are indicated by the inverted triangles. It appears from Fig. 3.103

that the precipitation and early growth of the grain boundary carbides

are accelerated by stress. Since M23C6 influences both the strength and

the ductility of type 304 stainless steel, 98 > 1 0 0 the data of the type

shown in Figs. 3.102 and 3.103 will be of considerable value in the inter

pretation of mechanical behavior under constant and varying stress-

temperature conditions.

Also, the M23C6 precipitate prevents the development of subgrains

under some conditions of stress and temperature
101 > 1 02 Further, the

fine dispersion of the precipitate tends to stabilize dislocation networks

within the grains. A number of investigators, such as Lagneborg,J°3
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Davies and Wilshire,101* and others, believe that the creep response is

greatly influenced by the character of the dislocation network. Some

investigators invoke the concept of an athermal component of stress or

an internal stress, (X£, which could be associated with the dislocation

structure. Blum et al.,105 for example, describe the internal stress,

ov, by the simple relation:

01 = GMbapl/z ,

where G is the shear modulus, M is the Taylor factor, b is the Burgers

vector, p is the dislocation line density, and a is a constant near 0.25.

For type 304 stainless steel we can assume M to be near 3 and b to be

2.54 x 10-10 m. Thus, the ratio O./G can be estimated from measurements
Is

of p. Data showing the variation of p with the ratio a/67 at 593 and

649°C are plotted in Fig. 3.104, and from the trend lines it is possible

to determine p for any value of o/G at either temperature. Using the

equation cited by Blum et al.105 to estimate O./G from p, we can determine

the ratio (ojo), or R, as a function of (a/c?) . Plots for R vs (o/G)
Is —

for 593 and 649°C are shown in Fig. 3.105. As may be seen, the ratio

increases with decreasing stress and temperature. This seems to be a

reasonable trend. The calculated (a./c?) values can be used to estimate
Is

the modulus-compensated effective stress, 0JG, defined by the equation

°" o — a .

-§ - nr-* - §" - »

When the effective stress is used instead of the applied stress, we find

that the exponent in the power law relating creep rate to stress is

significantly reduced, from roughtly 10 to near 7 at 593°C. An exponent

of 4, suggested by Wilshire and co-workers,93'91* is not observed, however,

as may be seen in the t vs (o/G) and (aJG) curves shown in Fig. 3.106.

One possible reason for this is the way in which a. is determined.

Wilshire and co-workers used experimental techniques based on higher

resolution strain measurements, which often produce values for O^ that

differ from values obtained by conventional techniques.
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Fig. 3.104. Variation of the Average Dislocation Density with
Modulus-Compensated True Stress for Type 304 Stainless Steel at 593 and
649°C (1100 and 1200°F).

ORNL-DWG 76-11580

0.001 0.002 0.003 0.004 0.005 0.006

MODULUS COMPENSATED TRUE STRESS, o/G
0.007

Fig. 3.105. Ratio of the Internal Stress to the Applied Stress for
Type 304 Stainless Steel at 593 and 649°C (1100 and 1200°F). The internal
stress was calculated from dislocation density data.
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Fig. 3.106. Secondary Creep Rate vs Modulus-Compensated True Stress
and Modulus-Compensated Effective Stress for Type 304 Stainless Steel at
593 and 649°C (1100 and 1200°F).

3.5.1,2 Exploratory Testing of Type 316 Stainless Steel — R. W. Swindeman

The exploratory test program on the reference heat of type 316

stainless steel (heat 8092297) concentrates on behavior at 593°C (1100°F),

although some short-time studies will be performed at other temperatures.

About two-thirds of our testing capability was allocated to testing 25-mm

(1-in.) plate material under tensile, strain cycling, creep, and relaxation

conditions. In all cases the material was tested in the reannealed

condition (0.5 hr at 1065°C). We expect that the effort on type 316

stainless steel will decline during the next reporting period as more

testing on type 304 stainless steel and 2 1/4 Cr-1 Mo steel is resumed.

A series of tensile tests was performed over the temperature range

25 to 649°C (77—1200°F) and at a nominal strain rate of 0.004/min.

Large-strain tensile curves, obtained from these tests, are plotted

in Fig. 3.107. These show that the rate of hardening is relatively
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Fig. 3.107. Tensile Curves for Type 316 Stainless Steel (Heat
8092297) at Several Temperatures and 0.004/min Strain Rate.

independent of temperature for strains to at least 5%. Hence, nearly

all the temperature dependence could be accommodated by the yield strength

term, as was done for type 304 stainless steel. Sufficient data are

not available to permit the formulation of an accurate low-strain tensile
9 0

flow model at this time, however, although either the modified Ludwik

or a new model being developed by Sikka et al.30 could be used to

approximate the general shape of the flow curve. One of the difficulties

in modeling the flow behavior of the reannealed type 316 stainless steel

is the existence of strong strain-aging, which greatly influences the

shape of the flow curve.106 Some idea of the variability in the shape

of the flow curves to 0.7% strain can be seen in the extensometer tracings

plotted in Fig. 3.108.

Strain cycling tests have been completed for three strain ranges

at 593°C (1100°F) - 0.21, 0.42, and 0.59% - and for one strain range -

0.42% - at several other temperatures. The cyclic stress ranges

corresponding to the 1st, 10th, 100th, and 1000th cycles are plotted

against temperature in Fig. 3.109. The existence of a strong strain-aging

phenomenon is apparent in the cyclic data, inasmuch as the strength appears

to peak at 538°C (1000°F) and 1000 cycles. Actually, the temperature of

the peak will probably shift with strain range and strain rate, but
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Fig. 3.108. Extensometer Tracing from Tensile Tests on Type 316
Stainless Steel at Several Temperatures and 0.004/min Strain Rate.
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Fig. 3.109. Cyclic Strength vs Temperature for Type 316 Stainless
Steel Tested at a Strain Range Near 0.42% and a Strain Rate Near
0.005/min.
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insufficient data are available to define this trend. These cyclic

hardening data are in qualitative agreement with results obtained at

ANL on the 25-mm (1-in.) bar107 and at Battelle on the 203-mm (8 in.)

pipe.108 All the laboratories observe the peak in strength at 538°C.

The 25-nim plate has a much lower cyclic strength in the first cycle than

the other products but hardens rapidly to approach the other products

by 1000 cycles.

The cyclic hardening behavior can be approximted by a modified Voce109

equation of the form:

AS = (AS0 - ASJ exp[-(fcZAe W2] + ASm ,

where

AS = the stress range for any cycle,

ASo = the initial stress range,

AS = the saturation stress range,

Ac? = the inelastic strain range,
P
k = a constant related to the rate of approach to saturation.

The constant AS is strongly dependent on Ae , while ASo and k are

relatively independent of Ae for the conditions studied. An example of

how the equation fits the hardening curves is shown in Fig. 3.110 for

data at 593°C (1100°F). It should be understood, however, that the

modified Voce model is not intended to be a very precise representation,

but rather a fairly simple empirical approximation. Other models being

developed by Eisenberg,11° Liu,111 and Jhansale112 could have better

potential for general applicability.

Creep-rupture tests are being performed at 593°C (1100°F) over the

stress range 52 to 276 MPa (7.5-40 ksi). Nearly all tests in the constant-

load series have been either completed or are in progress. Tests that do

not rupture will be terminated by 10,000 hr.

The inelastic strains produced when the creep tests were loaded

appear to be related to the applied stress according to a Ludwik-type

relation,90 where the exponent on strain is near 0.75. This behavior
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Fig. 3.110. Fit of a Modified Voce Equation to the Cyclic Hardening
Behavior for Type 316 Stainless Steel at 593°C (1100°F).

is demonstrated in Fig. 3.111. The trend is similar to that observed

for type 304 stainless steel.

The primary creep behavior of the reference heat of type 316

stainless steel appears to be quite complex. The creep curve goes

through one or more inflections during the first several hundred hours,

100

ORNL-DWG 76-11573

STRESS (ksi

150 200

STRESS (MPo)

250 300

90

Fig. 3.111. Plastic Strain vs Stress for Type 316 Stainless Steel
Obtained from Creep Tests at 593°C (1100°F).
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and the transient component, evaluated at stresses above 138 MPa (20 ksi),

shows no consistant trend with varying stress. If anything, the transient

component, appears to be proportional to the stress. As a first

approximation, we can assume a simple exponential creep equation to

hold. Then the creep strain is given by:

where

e = e,[l- exp(-^£)] + e t , (2)
Is O

e = the creep strain,

e = the transient component,

r = the rate constant evaluated at rt = 1,

t = time,

e = secondary creep rate.

Data for e , r, and e are plotted against stress in Figs. 3,112, 3.113,
u S

and 3.114, respectively. Tensile data are included in Fig, 3.114. An

alternative creep equation, based on the single rational polynomial, is

being developed by Booker and Sikka,16 and it appears that this equation

could produce a better model than the exponential form. The equation is

written:

e=i? ++ « t ' (3)1 + pt s

where

c = et,

p = 1.72r,

&s = the same as Eq, (2).

Data are not adequate to determine the constants for either equation

for stresses below 138 MPa (20 ksi), however, and to satisfy near-term

requirements, a simple power is adequate. A plot of creep data, assuming
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Fig. 3.114. Secondary Creep Rate vs Stress for Type 316 Stainless
Steel at 593°C (1100°F).

parabolic behavior, is shown in Fig. 3.115, and such a power law appears

to approximate the data trend reasonably for at least 1000 hr.

In the discussion above, three different methods for representing

the constant-load creep data were outlined. The real test of any

material representation, however, is its usefulness for predicting

behavior under varying load or temperature conditions. The relaxation

test is one of the most widely used of the variable load test techniques

for evaluating creep laws and hardening rules. It provides creep rate

data at constant nominal strain. If the creep rate, determined from a

relaxation test, is identical to the rate observed in a constant-load

creep test at the same stress and temperature, then the structures must

be equivalent, at least as far as the mechanical response is concerned.
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Fig. 3.115. Creep Strain vs Square Root of Time for Tests on Type
316 Stainless Steel at 593°C (1100°F).

The same statement could be made when comparing the results of two

relaxation tests, whether they be performed by multiple loadings on the

same specimen or single loadings on different specimens with different

starting stresses.

We have produced a considerable body of relaxation data on type 316

stainless steel during this reporting period, and some of this information

is provided in Fig. 3.116. Each panel corresponds to data on an individual

specimen and each run is performed at an increased stress level. In

several instances, reloading to the previous stress level was examined,

but only one such curve [run la in Fig. 3.116(c)] is shown. Some of the

relaxation data have already been utilized to demonstrate the applicability

of the single rational polynomial creep equation ' to problems of

variable stress. Our current effort in the relaxation testing is

directed toward collection of data that can be used in the development

of rate-type deformation equations,95'111*'115 however. The first thing
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that one must recognize in using both creep and relaxation data for the

development of rate equations is the fact that true stress, true strain,

and true strain rate have greater significance than the corresponding

engineering values. Further, the behavioral features, which are very

important to constitutive equation development, can differ according to

which type of stress-strain response is considered. For example,

isochronous relaxation curves constructed from multiple loading data

on a single specimen (22) are plotted in Figs. 3.117 and 3.118 for

engineering and true values, respectively. Examining Fig. 3.117 one

can see that the 100-hr relaxation strength is almost independent of

accumulated total or even creep strain. Examining Fig, 3.118, however,

one can see that the 100-hr relaxation strength increases significantly

(approximately 50%) with accumulated total or creep strain. Admittedly,

we have selected a rather extreme case as far as accumulated monotonic

strain is concerned but, nevertheless, treatment of behavior on a true-

stress true-strain basis is often desirable.

25 30

STRAIN (%)

ORNL-DWG 76-11564

60

Fig. 3.117. Engineering Stress vs Engineering Strain Isochronous
Relaxation Curve for Type 316 Stainless Steel at 593°C (1100°F) Obtained
from Multiple Loading Tests (Specimen 22).
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Fig. 3.118. True Stress vs True Strain Isochronous Relaxation Curve
for Type 316 Stainless Steel at 593°C (1100°F) Obtained from Multiple
Loading Tests (Specimen 22).

3.5.1.3 Uniaxial Testing of 2 1/4 Cr-1 Mo Steel - R. W, Swindeman

Creep tests to approximately 2000 hr have been completed at 538°C

(1000°F) for heat 3P5601. Strain vs time plots are provided in Fig. 3.119

at several stress levels. Evidence of the "nonclassical" creep behavior,

as described by Klueh,116 exists for stresses in the range 103 to 138 MPa

(15—20 ksi). In addition, two compressive creep tests were performed

at 103 MPa (15 ksi), The data from the two tests agreed but differed

significantly from tensile creep data. The compressive creep curves

exhibited lower creep rates,

3,5.1,4 Material Testing and Inelastic Analysis in Support of TTTF -
R, W, Swindeman

Several tests were performed to provide data for use in the analysis

of the third specimen in the Thermal Transient Test Facility (TTTF).

Materials of concern were 2 1/4 Cr-1 Mo steel, type 316 stainless steel,

and Inconel 82 weld metal. Material was available to fabricate four

creep specimens from the 2 1/4 Cr-1 Mo steel pipe. These were tested

at stresses and temperatures chosen to supplement the data of Jaske and
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Fig. 3.119. Creep Curves for 2 1/4 Cr-1 Mo Steel (Heat 3P5601) at
538°C (1000°F).

Mindlin117 and permit the development of an interim creep law for use in

the ID analysis of TTTF. Tests were performed at 51 and 86 MPa (7.5 and

12.5 ksi) at both 538 and 593°C (1000 and 1100°F). The creep curves

for the four tests are plotted in Fig. 3,120. These data, as well as

data of Jaske and Mindlin, were examined with respect to an interim

creep equation and we decided that a simple Norton-Bailey expression

combined with an Arrhenius temperature dependency would be adequate for

representation of the data over a restricted range of time (1000 hr)

and strain (less than 5%). Thus the creep strain e was represented by:

l k
where A = 4.83 * 10 m

e = AtmoU exp(^/i?T) ,
a

= 0.75, n = 8.87, and Q = 431.4 kJ/mole

(4)

(103.1 kcal/mole), R = 8.319 J mole-1 K_1(1.987 cal mole-1 K ), e^ is in
percent, CT is stress in ksi, t is time in hr, and T is temperature in K.

The model greatly underestimated the observed creep strains at 51 MPa

(7.5 ksi) as shown in Fig. 3.20(c) and (d). This is due, in part, to

a significant change in the stress dependency of creep below 86 MPa

(12.5 ksi) and 621°C (1150°F), which we chose to ignore. Additional

testing is planned to confirm the trend of the data. If verified, then
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the current equation proposed for inclusion in the Nuclear Systems

Materials Handbook appears to be a better model for the data than the

Norton-Bailey equation described above. A possible cause for relatively

large creep strains at low stresses could be either eccentric loading of

creep specimens or dimensional instability due to metallurgical changes.

These factors will be considered in evaluating future test data.

Two specimens fabricated from 203-mm (8-in.) pipe of type 316

stainless steel (heat 8092297) were creep tested at 96.6 MPa (14 ksi)

for 1000 hr at 538 and 593°C (1000 and 1100°F). Creep curves are plotted

in Fig. 3.121 and compared with data for 16-mm (5/8-in.) and 25-mm

(1-in.) plate. Also plotted in Fig. 3.121 are creep curves predicted

by the existing Nuclear Systems Materials Handbook equation and
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Fig. 3.121. Creep Curves for Type 316 Stainless Steel (Heat 8092297)
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a recently developed substitute equation developed by Stillman et al.113

We did not feel that these equations were a very good representation of

the trend and again resorted to a Norton-Bailey model identical to

Eq. (4) but having the following values for the constants: A = 3.23 x IO8;

m= 0.5; n = 4, and Q= 256.5 kJ/mole (61.3 kcal/mole), where e^ is in
percent, o is in ksi, and T is in K. These constants are based on the

behavior of 25-mm (1-in.) plate at 593°C (1100°F) and 16-mm (5/8-in.)

plate at 538°C (1100°F). Recently, a new model for type 316 stainless
steel has been developed by Booker, and it appears to be acceptable for

representing this material.

Two creep tests were performed on Inconel 82 weld metal in the

transverse orientation. These data, for a stress of 138 MPa (20 ksi),

are plotted in Fig. 3.122 for 538 and 593°C (1000 and 1100°F). The data

indicate the presence of significant time-dependent strain, and it appears

that additional testing will be necessary to define the stress dependence

of the creep. We intend to perform tests at 103 and 178 MPa (15 and

25 ksi) at 593°C. In addition to the creep tests, two cyclic tests were

performed for comparison with data obtained at Battelle Columbus

Laboratory (BCL). We found that our material was about 10% stronger than

BCL material. This difference could be associated with either composition

or specimen orientation relative to the weld.
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3.5.2 Investigations of Creep Failure Under Uniaxial and Multiaxial
Conditions — C. C. Schultz (Babcock and Wilcox)

3.5.2.1 Uniaxial Tests

The only remaining uniaxial test, BWR-7, has been in progress for

approximately 33,600 hr at a constant stress of 110 MPa (16 ksi). The

creep strain vs time response is shown in Fig. 3.123. Although tertiary

creep based on a 0.2% offset from the minimum rate line began at 32,000 hr,

rupture is not expected for an additional 5000 to 10,000 hr of testing.

The stress vs time-to-rupture data for all constant-load uniaxial tests is

shown in Fig. 3.124. Tables 3.26 and 3.27 of ref. 118 summarize the

results of these tests.

3.5.2.2 Multiaxial Tests

During this reporting period, tests BWTR-11, -12, and -13 began.

The multiaxial tests are listed in Table 3.27, where of the two sets of

stresses shown for each test; the first was derived from the mean-diameter

formulas, and the second consists of average stresses.*

No tubular specimens ruptured during this reporting period; however,

the stress vs time-to-rupture results for the previous multiaxial tests

are compared with the uniaxial results in Fig. 3.125 based on the maximum

principal stress from the mean-diameter formula.

Test BWTR-7 [equal biaxial tension of 138 MPa (20 ksi)] was completed

near the end of the last reporting period, and thus only partial results

were reported.118 Complete creep strain-time results are now available and

are shown in Fig. 3.126. The axial creep strain over the center 0.13 m

(5 in.) of the 0.20-m (8-in.) test section was obtained by averaging the

data from two opposed axial extensometers mounted on opposite sides of the

*The average or equilibrium stresses are given by

Or =-p/2 , ae =diP/2t , Oz = dfplkd^ + Phdmt ,

where CT = radial stress (sometimes considered negligible), CT„ = circumfer
ential stress, CT = axial stress, p = internal pressure, P = superimposed
axial load, t = wall thickness, d- = inside diameter, and d = mean
diameter. In the corresponding mean-diameter formulas, CT is usually
considered negligible and d- is replaced by d.

is 7/1
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Fig. 3.123. Constant-Load Uniaxial Rupture Test at 110 MPa (16 ksi)
and 593°C (1100°F). Type 304 stainless steel, heat 9T2796, 16-mm (5/8-in.)
bar, reannealed at 1093°C (2000°F) for 30 min.
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Fig. 3.124. Times to Rupture for Constant-Load Uniaxial Tests at
593°C (1100°F). Type 304 stainless steel, heat 9T2796, 16-mm (5/8-in.)
bar, reannealed at 1093°C (2000°F) for 30 min.



Test Specimen

BWTR-1 5R-37A

BWTR-2 8R- 5A

BWTR-3 7R- 5A

BWTR-4 6R-37A

BWTR-5 9R- 3A

BWTR-6 10R- 3A

BWTR-7 8R- 3A

BWTR-11 4X- 3A

BWTR-12 3X- 3A

BWTR-13 2X- 3A

Table 3.27. Biaxial Creep-Rupture Tests at 593°C (1100°F) for
Type 304 Stainless Steel, Heat 9T2796, 49-mm (1.9-in.) Bar

Internal Additional Stress , MPa (psi) Estd

sure Axial Load Rupture
Test
„,. c

Circum

ferential
Axial Effective

rp • b
Time

(hr)

Time

(MPa) (psi) (N) (lb) (hr)

32,637 7337 151

151

(21,850)
(21,850)

151

151

(21,850)
(21,850)

2,000 1997 R

15.9 2300 151 (21,850) 75 (10,925) 130 (18,920) 2,000 1713 R

143 (20,700) 68 (9,800) 124 (17,940)

15.9 2300 16,316 3668 151 (21,850) 151 (21,850) 151 (21,850) 2,000 584 R

143 (20,700) 143 (20,730) 143 (20,710)

7.9 1150 24,465 5500 75 (10,925) 151 (21,850) 130 (18,920) 2,000 3336 R

71 (10,350) 147 (21,280) 127 (18,430)

7.3 1053 22,401 5036 69 (10,000) 138 (20,000) 119 (17,320) 5,000 2800 I

65 (9,480) 134 (19,490) 116 (16,880)

14.5 2105 138 (20,000) 69 (10,000) 119 (17,320) 5,000 3272 R

131 (18,950) 62 (8,970) 113 (16,410)

14.5 2105 14,937 3358 138 (20,000) 138 (20,000) 138 (20,000) 5,000 1925 R

131 (18,950) 131 (18,980) 131 (18,960)

6.5 948 20,164 4533 62 (9,000) 124 (18,000) 107 (15,590) 10,000 1700 I

59 (8,530) 121 (17,540) 105 (15,190)

13.1 1895 124 (18,000) 62 (9,000) 107 (15,590) 10,000 3500 I

118 (17,060) 56 (8,080) 102 (14,780)

13.1 1895 13,443 3022 124 (18,000) 124 (18,000) 124 (18,000) 10,000 3200 I

118 (17,060) 118 (17,080) 118 (17,070)

The first set of stresses shown is based on the mean-diameter formulas and the second set on average stresses.
The radial stress is considered negligible. 38 mm (1.50 in.) outside diameter and 1.9-mm (0.075-in.) wall thickness.

The estimated rupture time is based on the maximum principal stress from the mean-diameter formula.
c

R indicates rupture; I, in test.

N3
c_n
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Fig. 3.125. Comparison of Uniaxial and Biaxial Rupture Data at 593°C
(1100°F). Type 304 stainless steel, heat 9T2796, 49-mm (1.9-in.) bar,
reannealed at 1093°C (2000°F) for 30 min.
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Fig. 3.126. Axial and Circumferential Creep Strains in a Constant-
Load Biaxial Rupture Test. Tubular specimen with internal pressure and
additional axial load. Equal biaxial tension of 138 MPa (20 ksi) at
593°C (1100°F). Outside diameter of 3.8 mm (1.50 in.) and wall thickness
of 1.9 mm (0.075 in.). Type 304 stainless steel, heat 9T2796, 49-mm
(1.9-in.) bar.



261

specimen. Radial displacement at the center of the gage length was

monitored by three equally spaced pairs of DCDT probes. The three sets

of circumferential strains shown in Fig. 3.126 were obtained by averaging

the outputs of both members of each pair of radial probes.
1 1 Q

The specimen diameter was measured when the test was interrupted

after 1636 hr under load and again upon completion of the test. At the

center of the test section the average diametral growth was approximately

1.19 mm (0.047 in.)' at failure, which corresponds to 3.1% permanent strain.

At this axial location the diameter was constant (with respect to angular

location) to within ±0.03 mm (0.001 in.). In-test measurements at this

same approximate location indicated an average diametral growth of

1.24 mm (0.049 in.). Near the failure location, post-test measurements

indicated an average diametral growth of 1.85 mm (0.073 in.), which

corresponds to an average circumferential strain of 4.9%. At this same

axial location the diameter was constant to within ±0.08 mm (0.003 in.).

Figure 3.127 shows the axial creep strain for test BWTR-5 at an axial

stress of 138 MPa (20 ksi) and a circumferential stress of 69 MPa (10 ksi).

ORNL-DWG 76-11974
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Fig. 3.127. Axial Creep Strain in a Constant-Load Biaxial Rupture
Test. Tubular specimen with internal pressure and additional axial load.
Axial stress of 138 MPa (20 ksi) and circumferential stress of 69 MPa
(10 ksi) at 593°C (1100°F). Outside diameter of 38 mm (1.50 in.) and
wall thickness of 1.9 mm (0.075 in.). Type 304 stainless steel,
heat 9T2796, 49-mm (1.9-in.) bar.
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No in-test measurements of specimen diameter are being made in this test.

When the test was interrupted after 2689 hr the diameter had been reduced

less than 0.03 mm (0.001 in.).

Figures 3.128 and 3.129 show the axial and circumferential creep

strains, respectively, for test BWTR-12. This test, under pure internal

pressure, is at a circumferential stress of 124 MPa (18 ksi) and an axial

stress of 62 MPa (9 ksi). After approximately 2800 hr, the temperature

was intentionally lowered approximately 110°C (200°F) in anticipation of

a power outage scheduled for a period when the test would be unattended.

When the specimen was returned to the test temperature, the outputs of

several of the DCDTs were considerably less than they had been before the

power outage. The distinct discontinuities in the data of Figs. 3.128

and 3.129 reflect these changes. The axial strain was expected to be much

less than that shown in Fig. 3.128. In the two previous tests with pure

internal pressure (BWTR-2 and -6), the measured axial creep strain was

about 0.1%.

Figure 3.130 shows the axial and circumferential creep strains for

test BWTR-13 at an equal biaxial tension of 124 MPa (18 ksi). The

discontinuities in the data at approximately 2000 and 2500 hr were

preceeded by temperature drops of 110°C (200°F) and 83°C (150°F) due to

temperature controller malfunctions. This unexplained behavior is similar

to that during test BWTR-12. This test was interrupted after 3214 hr for

diameter measurements, which showed an average increase of approximately

0.91 mm (0.036 in.) at the center of the test section. This corresponds

to a permanent circumferential strain of 2.4%. At another axial location,

the average diametral growth was 1.32 mm (0.052 in.), or about 3.5%

permanent strain.

The axial creep strain vs time results for test BWTR-11 at an axial

stress of 124 MPa (18 ksi) and a circumferential stress of 62 MPa (9 ksi),

which are shown in Fig. 3.131, are considered unsatisfactory. A DCDT

and an extensometer weld failed during this test, and it is too early

to tell whether or not repairs have significantly improved the data.
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Fig. 3.128. Axial Creep Strain in a Constant-Load Biaxial Rupture
Test. Tubular specimen with internal pressure. Circumferential stress of
124 MPa (18 ksi) and axial stress of 62 MPa (9 ksi) at 593°C (1100°F).
Outside diameter of 38 mm (1.50 in.) and wall thickness of 1.9 mm
(0.075 in.). Type 304 stainless steel, heat 9T2796, 49-mm-diam (1.9-in.)
bar.
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Fig. 3.129. Circumferential Creep Strain in a Constant-Load Biaxial
Rupture Test. Tubular specimen with internal pressure. Circumferential
stress of 124 MPa (18 ksi) and axial stress of 62 MPa (9 ksi) at 593°C
(1100°F). Outside diameter of 38 mm (1.50 in.) and wall thickness of
1.9 mm (0.075 in.). Type 304 stainless steel, heat 9T2796, 49-mm-diam
(1.9-in.) bar.
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Fig. 3.130. Axial and Circumferential Creep Strains in a Constant-
Load Biaxial Rupture Test. Tubular specimen with internal pressure and
additional axial load. Equal biaxial tension of 124 MPa (18 ksi) at
593°C (1100°F). Outside diameter of 38 mm (1.50 in.) and wall thickness
of 1.9 mm (0.075 in.). Type 304 stainless steel, heat 9T2796, 49-mm-diam
(1.9-in.) bar.
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Fig. 3.131. Axial Creep Strain in a Constant-Load Biaxial Rupture
Test. Tubular specimen with internal pressure and additional axial load.
Axial stress of 124 MPa (18 ksi) and circumferential stress of 62 MPa
(9 ksi) at 593°C (1100°F). Outside diameter of 38 mm (1.50 in.) and
wall thickness of 1.9 mm (0.075 in.). Type 304 stainless steel, heat
9T2796, 49-mm-diam (1.9-in.) bar.
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3.6 MECHANICAL PROPERTIES OF HTGR STEAM GENERATOR AND PRIMARY CIRCUIT

MATERIALS* - J. R. DiStefano

The major overall objectives of this program are to (1) determine

the compatibility of alloys planned for use in the HTGR steam-cycle

system with their environment and (2) determine, compile, and analyze

materials design data for the commercial HTGR. To achieve these objectives

it is necessary to study the mechanical behavior (tensile, creep, low-

cycle fatigue, and crack growth) of HTGR alloys at temperatures and in

environments (helium and steam) appropriate to their service in the

reactor.

3.6.1 Tensile Testing — A. Lystrupt

The FY 1976 work plan for tensile tests has been completed.

3.6.2 Environmental Creep Testing — A. LystrupT

Environmental creep tests of HTGR structural alloys in simulated

primary coolant helium and comparison tests in air have continued during

the quarter. Six tests were completed during this period, and the results

are shown in Table 3.28. In the three tests of 2 1/4 Cr-1 Mo steel

temperature was constant at 593°C (1100°F), and increasing the stress from

69 MPa (10 ksi) to 103 MPa (15 ksi) lowered the rupture life in helium

from 9660 hr (test 15023) to 1337 hr (test 16882) or 436 hr (test 16883).

Cross sections of specimens from tests 15023 and 16883 are shown in

Figs. 3.132 and 3.133. After 9660 hr exposure to HTGR helium at 593°C

(test 15023) 2 1/4 Cr-1 Mo steel showed both intergranular and

transgranular attack. Transgranular attack occurred to a depth of 14 to

16 ym in both the gage section and the shoulder section of the sample. In

the shoulder section intergranular attack occurred to a depth of 20 ym,

but in the gage section (near the fracture) cracks and/or intergranular

attack occurred to a depth of almost 40 ym. In test 16883 the increased

*This work is supported by the Division of Nuclear Research and
Applications.

tOn assignment from Riso, Denmark.
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involves partitioning the inelastic strain range traversed by a cycling

specimen into four types:

Ae = tensile plastic strain reversed by compressive plastic strain,

Ae = tensile plastic strain reversed by compressive creep strain,

Ae = tensile creep strain reversed by compressive plastic strain,

and

Ae = tensile creep strain reversed by compressive creep strain.

Here "plastic" strain is defined as time-independent inelastic strain,

while "creep" strain is defined as time-dependent inelastic strain.

Briefly, the method involves two steps. First, the four types of strain

are related, respectively, by "life relationships" to N, N, N , and
pp pc cp

N , where N. is the expected life of a specimen cycled in solely Ae-
cc' i J i

strain. Then for a given complex cycle of known inelastic strain

components the predicted cyclic life, N, is given by

I = _E£ + -E2. + -2E + SI >
N N N N N

pp pc cp cc

where, for example, F = Ae /Ae. , Ae. being the total inelastic strain
' v pp pp in in

range.

Results of analysis of current ORNL data by this technique have been

reported previously76 and are given in Fig. 3.79 (p. 206). Tests were

conducted by introducing constant-strain hold periods each cycle at peak

tensile and/or compressive amplitudes. If Ao^ is the magnitude of the

total stress decrease during relaxation, then for a compressive hold test

(Fig. 3.69, p. 187), for example, the Ae and Ae strain components are
pc pp

given by

Ae = Aa IE and Ae = Ae - Ae .
pc r PP m pc
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G6As reported earlier, examination of the relaxation curves obtained

for the tests with strain hold periods indicated that the tests could be

approximated by a form of the Gittus equation, expressed by

m
In (ao/a) = Ct'

where ao is the stress at the beginning of relaxation and a and t are

instantaneous values of stress amplitude and time during relaxation. The

behavior of stress amplitude with increasing hold time is given in

Fig. 3.135. Because of the relatively small magnitude of the total stress

decrease during relaxation even over long periods of time, the inelastic

strain components Ae and Ae are limited to low strain ranges. Further,
v pc cp

Ae , Ae , and Ae account for only 10 to 20% of the total inelastic
pc cp cc

strain, which might explain the scatter observed in the data plotted in

Fig. 3.79. To establish well-defined life relationships Ae , Ae , and

Ae strain components at higher strain values are needed; and, further,

these should constitute the major portion (at least 50%) of the total

inelastic strain traversed by a specimen for a particular cycle of interest,

Recently, the capability of introducing stress hold periods was

developed on an existing ORNL fatigue testing system. Fully reversed

b
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Fig. 3.135. Variation of Half-Life Stress Amplitude with Hold
Time for Two Heats of Isothermally Annealed 2 1/4 Cr-1 Mo Steel at
482°C (900°F).
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strain tests are conducted at a constant strain rate, and a constant stress

hold period is introduced during the tensile and/or compressive halves of

each cycle.

A typical hysteresis loop from an actual test is given in Fig. 3.136.

The partitioned Ae component for the test accounted for the major portion

of the total inelastic strain, Ae. . Data from tests involving stress hold

periods conducted to date are given in Fig. 3.137.

Testing will continue in order to develop the life relationships for

the four types of inelastic strain ranges. The effects of temperature,

heat-to-heat variation, heat treatment, and aging on the creep-fatigue and

environmental behavior of HTGR materials will be examined. A second

strain controller with a stress hold period capability is presently being

fabricated and is intended for installation on the fatigue testing system

that will house the environmental chamber for conducting tests in helium

and in vacuum. Scheduled delivery of the environmental chamber and strain

controller is for mid-August 1976.

3.6.4 Subcritical Crack Growth Studies — W. R. Corwin

This study uses isothermally annealed material from two heats of

Babcock and Wilcox 2 1/4 Cr-1 Mo ferritic steel, 20017 and 3P5601. Its

mechanical properties have been reported in previous quarterlies.

Testing at 593°C (1100°F) in air, steam, simulated HTGR primary

coolant helium, and vacuum was emphasized this quarter. Additional data
have now been gathered and allow representation of crack growth rate over
four decades of testing frequencies at 593°C (1100°F) in air. As shown
in Fig. 3.138, the crack growth rate at a given AX level increases with
decreasing frequency, as expected. Along with results just obtained at
510°C (950°F) over five decades of frequency, these data form a broad base
from which the Fatigue Crack Propagation (FCP) behavior of 2 1/4 Cr-1 Mo
steel can be evaluated. Efforts to parametrize all our test results to

date are currently under way by use of the general method outlined by

Carden119 or Doner.120 We expect to complete this task during the next

quarter.
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Fig. 3.137. Creep-Fatigue Data for 2 1/4 Cr-1 Mo Steel. Data
include Ae components from tests involving stress hold periods.
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Effect of Test Frequency on Crack Growth Rate.

Last quarter an apparent effect of test specimen geometry [wedge

opening load (WOL) vs compact tension (CT)] on crack growth rate was

indicated. This has now been tentatively resolved as a size effect. The

smaller CT specimen appears to generate an excessively large plastic zone

size relative to its planar dimensions, and this does not allow a

completely valid calculation of stress intensity. For that reason it will

be phased out of our test program. The environmental effects on the

crack growth rate observed by use of the CT specimen exclusively are,

however, quite real and presumed indicative of fatigue crack propagation

completely within the framework of linear elastic fracture mechanics.

Comparative testing in steam at 593°C (1100°F), 0.067 Hz was

completed this quarter. The results follow the general trend exhibited

in previous tests (i.e. slightly lower crack growth rates compared with

identical tests in air), as shown in Fig. 3.139. That the trend line

shown for steam (least squares fit) has a smaller slope than the
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Fig. 3.139. Comparison of Crack Growth Rates in Air and Steam
(Supersaturated in Air).

corresponding line for air contradicts our previous data. This appears

to be due to the shortness of the data set and the large amount of scatter

in it. Difficulties were enountered in obtaining crack growth data under

these test conditions at M values less than 20 to 24 MPa /ii (18-22 ksi An.)

because of intermittent crack arrest.

Comparison testing to determine the effects of both HTGR helium and

vacuum at 593°C (1100°F), 0.67 Hz, were also conducted this quarter. Crack

growth rate in the helium environment is less than that observed in air,

as shown in Fig. 3.140. This duplicates the behavior seen at 510°C (950°F).

That the HTGR helium environment is not completely inert, however, is

apparently shown by the further reduction of crack growth rate in a vacuum

of approximately 3 x IO"4 Pa (2 x IO-6 torr). However, further experimental

development of vacuum testing techniques is necessary. In tests discussed

above visual crack length measurements necessitated opening the test

chamber intermittently, with consequent exposure to the atmosphere and

lengthy pump-down times. Work on fracture face marking and potential drop

methods to eliminate this problem is under way.



275

ORNL-DWG 76-6976AR

STRESS INTENSITY FACTOR, A/f [ksiV^nM

10 ;

5

T—I"T 1 T p
I

He WITH CONTROLLED

IMPURITIES

^/VACUUM
QV7

4 2% Cr -1 Mo STEEL

/i
TESTED WITH CT

0 GEOMETRY AT 0.67 r^z
WITH ft = 0.05

/n>

SPFCIMEN ENVIRONMENT HEAT

- 6 PL AIR 3P5601

c- 8 PL AIR 3P5601

<• 9P. He 3P5601

••• 14 P. He 3P5601

: 15 P. He 3P5601

" 16 PL VAC
i ...

3P5601

10

5

I 2

STRESS INTENSITY FACTOR, C\K (MPa im )

Fig. 3.140. Comparison of Crack Growth Rates in Air, Helium with
Controlled Impurity Levels, and Vacuum at 593°C (1100°F).
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4. NAVAL RESEARCH LABORATORY

L. E. Steele

4.1 INTRODUCTION - L. E. Steele

The research program of the NRL Engineering Materials Division,

Thermostructural Materials Branch, includes the study of the behavior

of structural materials useful in reactor construction. Within the

scope of the title above much unirradiated data are developed. This

report is developed using such data to support the USERDA and USNRC

objective of compiling structural materials properties data for use in

national reactor development programs. The NRL program is sponsored

by the Office of Naval Research, the U. S. Energy Research and Develop

ment Administration, the U. S. Nuclear Regulatory Commission, and the

U. S. Army Engineer Power Group. The unirradiated materials properties

data contributed here include that developed in the course of research

in the areas of high temperature materials, radiation damage, and frac

ture mechanics.

4.2 EFFECT OF HOLD TIME ON ELEVATED TEMPERATURE FATIGUE CRACK PROPAGA

TION IN TYPE 304 STAINLESS STEEL - H. H. Smith and D. J. Michel

4.2.1 Background

The addition of tensile hold periods during cyclic loading has

been shown by previous NRL studies (1) to significantly increase fatigue

crack propagation rates in austenitic stainless steels. Other NRL

studies have shown the influence of prior thermal aging is to reduce the

magnitude of the hold time effects in solution annealed and cold worked

Type 316 stainless steel (2,3).

During the present reporting period, additional results were ob

tained for the influence of thermal aging on the crack propagation re

sponse of solution annealed Type 304 stainless steel during elevated

temperature hold time tests. These results are presented in this report

together with a summary of the overall NRL findings of the effects of

thermal aging on crack propagation in austenitic stainless steels.
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4.2.2 Materials and Test Procedures

The chemical composition of the Type 304 stainless steels, the spec

imen design, and the general test procedure have been previously reported

(4,5). Briefly, single-edge-notched cantilever specimens were cycled

under zero-to-tension loading to a constant maximum load in air. Spec

imens utilized for zero hold time tests were loaded in a continuous

sawtooth mode. For the hold time tests, tensile loads were imposed on

the specimen during each cycle by holding at the maximum load value for

0.1 and 1.0 minutes before returning to zero load. To evaluate the ef

fects of thermal aging, selected specimens were held at 1100°F (593°C)

for 5000 hours in air in electric muffle furnaces.

4.2.3 Results and Discussion

The experimental data were analyzed to yield crack propagation rate,

da/dN, as a function of the stress intensity factor range, AK. The ef

fect of thermal aging on crack propagation rates at 1100°F (593°C) for

zero and 1 minute tension hold times is presented in Fig. 4.Z Examina

tion of the results in Fig. 4.1 shows that thermal aging slightly reduced

the crack propagation rate for zero hold time while producing a signifi

cant reduction for the 1 minute hold time tests. A similar effect is

seen in Fig. 4.2 for a second heat of 304 stainless steel. It should be

noted, however, that the crack propagation rate in the unaged, zero hold

time test was approximately a factor of five higher in the Heat B mate

rial, Fig. 4.1, than in the Heat A material, Fig. 4.2. Comparison of both

figures shows that the inclusion of 1 minute hold times during testing

and/or thermal aging prior to testing reduced the effects of material

composition variation such that nearly equivalent crack propagation

rates were produced.

These results are in agreement with the results of a recent NRL

study (5) where Brinell hardness measurements indicated that thermal

aging produced a relative strengthening of the annealed Type 304. A

similar effect was observed in solution annealed Type 316 stainless

steel (5). However, in the cold worked condition, thermal aging pro

duced a bulk softening in both materials. These hardness results are

consistent with the overall effect of thermal aging in both steels to
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reduce crack propagation rate in solution annealed material and increase

the rate in cold worked material during continuous cycling tests. With

the addition of hold time, the results (5) show that thermal aging re

duced the crack propagation rate for both steels in the solution an

nealed and cold worked conditions.

For the Type 316 stainless steel specimens tested at 1100°F (593°).

scanning electron microscopy (SEM) examination of the fracture surfaces

(5) showed that only the unaged specimen tested with a 1 minute hold

time exhibited a mixed mode (transgranular - intergranular) fracture

appearance while unaged, zero hold time and thermally aged, zero and 1

minute hold time specimens showed that crack propagation occurred in a

transgranular manner (5). Although comparable results are not yet

available for the Type 304 stainless steel specimens, it is expected

that the predominate fracture mode will be transgranular. This suggests

that the crack propagation response of Type 304 stainless steel is pri

marily cycle rather than time dependent at 1100°F (593°C) except in the

unaged condition at hold times of 1 minute or longer.

4.3 CREEP-FATIGUE CRACK PROPAGATION IN ALLOY 718 - P. Shahinian and

K. Sadananda*

4.3.1 Background

Recognition that many components in high temperature service are

subjected to combined cyclic and static loads rather than to either

type alone has stimulated investigations of performance under more

representative combined loadings. It has become evident that under such

conditions material behavior cannot always be predicted simply from

pure creep and pure fatigue data, presumably as a consequence of

interaction between time-dependent and cyclic-dependent processes.

Studies of creep-fatigue behavior have mainly been directed to

ward determinations of life under various types of loading and towards

development of predictive criteria. Less attention has been given to

*0n leave from the Department of Mechanical Engineering, University of

Maryland, College Park, Maryland.
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the detailed aspects of behavior, e.g., crack growth, even though crack

growth has been found to be the controlling factor in the life of many

cyclically stressed components.

An investigation is being conducted on crack growth behavior in

Alloy 718 plate under cyclic and static loads at elevated temperatures

over a wide range of conditions. Assessments of creep-fatigue inter

action are being made on the basis of crack growth rates, growth

characteristics, and failure times.

4.3.2 Experimental Procedure

The Alloy 718 used for this study was in the form of a 1-in. thick

plate from a vacuum induction melted-electroslag remelted heat having

the chemical composition listed in Table 4.1. The standard heat treat

ment given the alloy is also included. Compact tension (IT) specimens

were prepared with a T-L orientation, i.e., crack plane parallel to the

rolling direction. To reduce the tendency of the crack front to bow at

the start of the test the specimens were fatigue precracked at room

temperature.

Continuous cyclic tests using load control were conducted in ten

sion at R = 0.05 (R = max. load/min. load) with a sawtooth pattern at a

frequency of 0.17 Hz (10 cpm). For the combined loads, periods of

static load (hold time) of 0.1, 1,.or 10 minutes were imposed at the

tensile peak of the cyclic load. The specimens were heated by induction

for the cyclic tests at 538, 649, and 760°C (1000, 1200, and 1400°F)

and by a resistance wire-wound furnace for the static load tests.

Crack lengths were measured periodically during the tests by means of a

traveling microscope. The rates of growth were determined from the

slopes of the curves of crack length versus number of cycles, da/dN, or

time, da/dt, at suitable intervals.

4.3.3 Results

4.3.3.1 Crack Growth Rates

The crack propagation behavior of the alloy and its response to

loading mode were significantly different among the three temperatures,
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Table 4.1

Chemical Composition and Heat Treatment of Alloy 718

Composition, weight percent

0.04 C Bal. Fe 1.00 Ti

0.19 Mn 51.14 Ni 0.52 Al

0.05 Si 17.96 Cr 0.43 Co

0.005 P 3.12 Mo 0.02 Cu

0.005 S 5.19 Cb and Ta 0.003 B

Heat Treatment

Anneal to 955°C for 1 hour - air cool

Age at 720°C for 8 hours, furnace cool at 620°C

Hold at 620°C for total aging time of 18 hours
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538, 649, and 760°C (1000, 1200, and 1400°F). The inclusion of a hold

period of a 0.1 or 1 minute at the peak of the tensile cycle produced

an increase in crack growth rates (da/dN) at 538°C (1000°F), Fig. 4.3.

At stress intensity values above about 55 MPa/m (50 ksit^in.) the effect

becomes quite small. In addition to the deleterious influence of the

static load periods, cycling also caused the rate of crack growth for

a given AK to increase, as indicated by the growth per unit time (da/dt)

data in Fig. 4.4. With increasing hold time, da/dt generally decreased.

Or conversely, as the number of cycles per unit time increased, the

higher was the da/dt. A static load gave the lowest growth rates, in

contrast to the highest rates for the continuous cycling.

At 649°C (1200°F), the increase in da/dN with increasing hold

time was substantially greater than at 538°C (1000°F), Fig. 4.5. For

example, at 649°C a 10 minute hold period caused the rate to increase by

a factor of about 230 over that for continuous cycling. The variation

of da/dN with AK shows two stages, a sharp acceleration in rate initially

and a stage at higher AK values of less rapid rate increase. The slopes

of the second stage curves are generally lower when hold times have been

imposed.

While the trend of the hold time effect on growth rate is clear,

there was considerable scatter in the data for different test loads

or corresponding initial stress intensities. It is not clear whether

there was an effect of load on growth rate, however, because of the

absence of a systematic change. While the growth rates were the lowest

for the highest load, 13.97 kN (3140 lb), at each hold time, they were

in reasonable agreement in two cases, zero and 0.1 minute hold, with

the rates for the lowest load, 9.34 kN (2100 lb). Thus it does not

appear that the dependence of crack growth rate on AK is influenced by

load, at least for zero and 0.1 minute hold periods. The results at

649°C show that crack growth is strongly time-dependent.

On a time basis, the crack growth rates for each hold time series

at 649°C were grouped within a factor of 7, Fig. 4.6. Within each

group, the rates for the continuously cycled and statically loaded

specimens were the lowest and those for the 10 minute hold were among
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the highest. These data suggest a creep-fatigue interaction which en

hances crack growth rate.

In contrast to the lower temperature, at 760°C (1400°F) the depend

ence of da/dN on AK for continuous cycling was significantly affected

by load, Fig. 4.7. Lower rates for a given AK were produced by the

lower load. Also at this temperature crack growth seemed to be cycle-

dependent, judging from the overlap of the zero and 1 minute hold curves.

Even with a 10 minute hold, where appreciable crack opening deformation

occurred, crack growth appeared to be primarily cycle-dependent. For

this specimen the da/dN values were slightly lower than for those for

the 1 minute hold time, and the presumed additional creep seemed to

have a retardation effect on growth, at least initially. Appreciable

crack opening deformation occurred, however, and the validity of the

use of the stress intensity parameter for this condition is questionable.

In addition to the correlations of crack growth rate with the

stress intensity factor, an attempt was made to correlate the growth

rate with the nominal stress at the crack tip for those tests for which

the K parameter did not correlate well for different loads, that is at

760°C and long hold times at 649°C. The nominal stress values failed

to provide a satisfactory correlation with growth rates at the different

loads.

It appears that the stress intensity factor is suitable for correla

tion of crack growth rates at temperatures where creep is small but not

where it becomes appreciable, e.g., 760°C (1400°F) for Alloy 718. Crack

growth rates, da/dl^ are increased by increases in hold time apparently

as the result of a creep-fatigue interaction. This effect was greater

at 649°C than at 538°C owing to appreciably more creep. However, at

760°C, retardation of crack growth under static load occurs causing the

influence of hold time on growth rate to disappear.
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5. HANFORD ENGINEERING DEVELOPMENT LABORATORY

H. H. Yoshikawa

5-1 INTRODUCTION

The objectives of the structural materials investigation conducted at

the Hanford Engineering Development Laboratory are mainly to provide control

data for 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 in the areas of normal and high strain rate tensile testing,

creep testing and analysis, and fatigue crack growth and fracture tough

ness of such materials as weldments, vessel and piping, core support

structures and reflectors as well as duct and cladding. Those test results

and analyses appropriate to the "Structural Materials Q.uarterly Report"

will be reported here; however those investigations associated with

irradiation effects per se will be reported in HEDL publications.

5.2 LMFBR STRUCTURAL MATERIALS - J. J. Holmes and R. L. Knecht

5.2.1 Creep-Rupture Behavior of Inconel 600

L. D. Blackburn, J. M. Steichen, R. L. Knecht

5.2.1.1 Objective

The objective of this work is to characterize the creep-rupture

behavior of unirradiated Inconel 600 for subsequent comparison with post-

irradiation test results.

5.2.1.2 Accomplishments and Status

5.2.1.2.1 Scope. This report presents correlations of creep-rupture

properties determined for a single heat of Inconel 600. The test program

was conducted to characterize the behavior of unirradiated material for

subsequent comparison with test results from irradiated specimens. The

material was annealed at 1T50°F for 15 minutes and water quenched prior to

303
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testing. Conventional constant-load creep rupture tests were conducted

at 811 K (1000°F), 866 K (ll00°F), 922 K (l200°F) and 1033 K (lU00°F) at

stresses which produced rupture in times from 5 to 3000 hours.

5.2.1.2.2 Results Experimental results were described analyti

cally by least squares fitting to equations of the form

log P = A + n log a (l)

where P is a particular property, a is the stress, and A and n are
P P

constants. The properties of interest here are time to rupture (t ),

time to the onset of tertiary creep (t2), minimum creep rate (e ), average

creep rate to the onset of tertiary creep (e ), and average creep rate to

rupture (e ). Values of n at different temperatures were compared

separately for the time and rate quantities using the multiple-comparison

approach described by Acton (l), and where differences were not statisti

cally significant, pooled values of n were adopted. Temperature depend

ence of A was described for all properties except t2 by an equation of

the form

A = B - Bi/T (2)
p o x

where T is temperature in degrees kelvin and B and Bj are constants.

Experimental t results are presented in Figure 5.1. Clearly the

analytical description gives an excellent representation of the data.

Results for t2 are presented in Figure 5.2. Equation 1 provides a good

description of the isothermal stress dependence of t2, but the dif

ferences in t2 are statistically significant, indicating a real temperature

dependence. As a result, an analytical representation of A+ would be

more complex than equation 2, so the individual A-j. values are simply

retained for present purposes.

Data for z are shown in Figure 5.3, and again the analytical

description yields a good representation of the results. In comparing
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the e values, it was found that the value at 1033 K (lU00°F) was

significantly higher than those at the three lower temperatures. However,

only data from the lower temperatures were used in evaluating the analyti

cal description. The resulting fit to the 1033 K (lU00°F) data is very

acceptable.

Creep ductility or creep strain results are difficult to correlate

or extrapolate directly because of inherent scatter in the data. It is

possible, however, to estimate the trend behavior for ductility or strain

results by making use of average creep rate data, for which the correlation

is typically good. The average creep rate quantities e and e are

defined by the relations

c

e. = and, (3)

c
e

e = r (u;
r

t
r

c c
where e and e are the creep strain at the onset of tertiary creep and

at rupture, respectively. Correlation of the e and e data using equations

1 and 2 is illustrated in Figures 5-^ and 5-5- A correlation of rupture

ductility is then obtained by rewriting equation h as

log e^ = log er + log tr (5)

and submitting the correlations for e and t yields
r r

log eCr =A- + tl\ -(-1- l)logtr (6)
r 6.2 r ^6.2 I

A similar procedure for equation h yields

6.7 n
logs^ A- +At2 + _-_! Ut - _ - Allog t.. (7)

t X6.2 6.2/ r \6.2 6.2/
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Figures 5.6 and 5.7 present the experimental e and e data and illustrate

the correlations given by equations 6 and 7. The A values obtained from

equation 1 with the selected n values were used in evaluating equations 6

and 7; this calculation shows better agreement with the data than does an

evaluation of A from equation 2. The ductility results in Figures 5-6
P

and 5.7 do exhibit considerable scatter, but the computations appear to

give a reasonable estimate of trend behavior.

Estimates of other strain contributions are also possible using the

above correlations. For example, the strain at the onset of tertiary creep

can be expressed as the sum of a transient creep strain (e1) and a linear
creep strain contribution (e )

ec = ec + ec (8)

and e is given by

ec = e t2 (9)
2 m

c I cThe correlations can then be used to calculate the ratio £2/^? obtaining

values of 0.363, O.765, 0.859, and 0.89*+ at temperatures of 8ll K, 866 K,

922 K and 1033 K, respectively. Thus the linear creep strain represents
c

the major contribution to e at high temperatures.
u

The correlations developed here represent a completely adequate

description of the creep-rupture properties of Inconel 600 for subsequent

comparison with postirradiation test results.

5.2.1.3 Expected Accomplishments

Correlation of Inconel 600 creep-rupture properties after prior ther

mal exposures to 10,000 hours will be completed in the next quarter.
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5-2.2 FATIGUE-CRACK PROPAGATION BEHAVIOR OF SEVERAL PRESSURE VESSEL

STEELS AND WELDMENTS

-L. A. James, R. L. Knecht

5.2.2.1 OBJECTIVE

The objective of this report is to characterize the effects of

various parameters upon the fatigue-crack propagation behavior of reactor

structural materials for use in design, safety analysis and operations

support.

5.2.2.2 ACCOMPLISHMENTS AND STATUS

The effect of temperature upon the fatigue-crack propagation

behavior of several low-alloy pressure vessel steels and weldments was

studied in an air environment over the range 75°-1000°F (2l+°-538°C) . The

specimens employed were of the ASTM Compact Tension Specimen design

(W = 2.00 in., B = 0.1+0 in.). Four pressure vessel steels (ASME SA-387

grades C and D, SA-516 grade 60, SA-533 grade B class l) were studied,

plus weldments in two of these steels. The identification of these heats

is given in Table 5.1, and the chemical analyses and mechanical properties

of these heats are detailed in Tables 5-2 and 5.3, respectively. Addi

tional tensile and fracture toughness results on Materials C and D may

be found in References 2 and 3, respectively.

The weldment specimens were oriented such that the crack was par

allel to the direction of welding, and the crack was placed in the center
of the fusion zone. According to the crack orientation system described

in Reference k, these cracks would have a "BA" orientation.

All specimens were tested on a feedback-controlled MTS testing

machine using load as the control parameter. A stress ratio

(R = \tin/ Kmax) of 0-°5 and sinusoidal waveform were employed for all tests,

Tests at elevated temperatures were conducted in an air-circulating

furnace at a cyclic frequency of ^0 cpm (0.667 Hz).



TABLE 5-1

MATERIAL IDENTIFICATION

Producer/ Product

Material Heat No. Form

A U. S. Steel/ 3 in. plate

1PU255 SA-387, Gr. C.

B Lukens/ 3-1/2 in. plate

B8238 SA-387, Gr. D.

C Unknown/ 1 in. plate

802B06530 SA-516, Gr. 60

D Lukens/ 12 in. plate

A-1195-1* SA-533, Gr. B, Cl. 1

E RACO/ Weld filler wire

2P5022 RACO 521S

F unknown Weld filler wire.

AWS E8018-C1

Material

Condition

Mill annealed.

Annealed per Specification
RDT M5 -5T.

Mill annealed.

Quenched & tempered.

Auto. Sub. Arc welded. Stress

relieved 12 hr % 1300°F, A.C.

As welded.

* Heavy Section Steel Technology Program plate No. 02.



TABLE 5-2

CHEMICAL COMPOSITION (percent by weight)

Material C Mn P S Si Cr Mo Ni Cu V Sn Al Ti

A 0.15 0.56 0.016 0.013 0.91 1-35 0.52 0.06 0.05 0.006 0.009 0.020 0.01

B 0.12 0.50 0.010 0.020 0.22 2.30 0.98 0.1 * * * * *

C 0.15 1.20 0.005 0.025 0.23 0.005 0.01 0.008 0.020 * 0.001 0.052 *

D 0.22 1.1+8 0.012 0.018 0.25 * 0.52 0.68 * * * * *

E** 0.09 0.80 0.021 0.019 0.52 2.1+1 0.97 0.22 0.27 0.01 O.OlU 0.19 0.01

F** 0.08 1.12 0.017 0.021 0.1+5 0.02 0.01 I.50 0.02 0.012 0.001 0.003 *

* Not determined.

** As-deposited.

ON
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Crack growth tests were conducted at 75°F (2h°F), 600°F (3l6°C),

800°F (h27°C), and 1000°F (538°C), and the results for base metal speci

mens are shown in Figures 5.8 - 5-11, respectively, and for weldment

specimens in Figures 5.12- 5.15 respectively. The results for specimens

317 and 383 (Material D) had been previously reported in References 5 and

6, respectively.

Comparing the crack growth results for the different pressure

vessel steels at a given temperature in Figures 5.8 - 5.11, shows that

all four steels behave in a similar fashion. This is in agreement with

the observations of References 7 and 8 that fatigue-crack growth behavior

in the different grades of low-alloy pressure vessel steels does not

differ significantly from one alloy to another. Figure 5.8 shows a com

parison between the results of the present study, and the equation proposed

by Barson for the behavior of ferritic-pearlitic steels at room tempera

ture, and in general the agreement is good. Also, although comparisons

are not shown, reasonably good agreement between the present results and

those of Brinkman et al^ for SA-387 grade D, is obtained where test

temperatures, stress ratios, and cyclic frequencies are similar.

Comparing the curves for each of the different test temperatures

shows that, in general, fatigue-crack growth rates increase with increasing

temperature. This is in agreement with similar observations on the effect

of temperature upon the crack growth behavior of pressure vessel steels

9-11, as well as observations on other alloys such as austenitic

stainless steels (12).

Comparing the results for weldment specimens with those for base

metal specimens tested at the same temperatures shows that, in general,

the behavior is quite similar. This is in agreement with observations on

several studies on pressure vessel steels , where it was noted

that crack growth rates in weldments were generally equivalent to, or

lower than, crack growth rates in the base metal tested under similar

conditions. Similar observations were also made for weldments in

austenitic stainless steels ^ •> " '
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BARSOMEQUATION FOR-
FERRITIC-PEARUTIC

STEELS.

|-3.6xlO-19<AK)3-0
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Ib/lin)3'2]

PRESSURE VESSEL STEELS

TESTED IN AIR AT 75°F (24°C)
300<f<600cpm, 0<R<qO5

MATERIAL A: ASME SA-387, GRADE C

O SPECIMEN 752

MATERIAL B: ASME SA-387, GRADE D

D SPECIMEN 891

MATERIAL C: ASME SA-516, GRADE CO

A SPECIMEN 912

MATERIAL D: ASME SA-533, GRADE B,
CLASS 1

V SPECIMEN 371
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Figure 5-8. Fatigue-crack growth behavior of four ferritic
pressure vessel steels tested in an air environment
at 75°F (2h°C).
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♦ SPECIMEN 383 WAS TESTED IN AIR
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PRESSURE VESSEL STEELS
TESTED IN AIR AT 600°F(316°C)
f - 40cpm, R - 0.05 (EXCEPT AS NOTED)

MATERIAL A: ASME SA-387, GRADE C

O SPECIMEN 883

MATERIAL B: ASME SA-387, GRADE D

D SPECIMEN 923

MATERIAL C: ASME SA-516, GRADE 60

A SPECIMEN 913

MATERIAL D*: ASME SA-533, GRADE B
CLASS 1

V SPECIMEN 383
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5-9- Fatigue-crack growth behavior of four ferritic pressure
vessel steels tested in an air environment at 600°F (3l6°C!
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TESTED IN AIR AT 800°F(427°C)
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ASME SA-387, GRADE C

O SPECIMEN 753

MATERIAL B

ASME SA-387, GRADE D
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MATERIALC
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A SPECIMEN 914
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Figure 5-10. Fatigue-crack growth behavior of three ferritic

pressure vessel steels tested in an air environment

at 800°F (h27°C).
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3/2
STRESS INTENSITY FACTOR RANGE, AK, kg/tmm)
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A O
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^^q
AA

A

PRESSURE VESSEL STEELS

TESTED IN AIR AT 1000°F (538°C)
f * 40cpm, R * 0.05

MATERIAL A

ASME SA-387, GRADE C

O SPECIMEN 747

MATERIAL B

ASME SA-387, GRADE D

• SPECIMEN 921 (IN TEST)

MATERIAL C

ASME SA-516, GRADE 60

A SPECIMEN 915

10 10"

STRESS INTENSITY FACTOR RANGE, AK, lb/(in)3/2
I i i I i i i i L

101
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Fatigue-crack growth behavior of three ferritic
pressure vessel steels tested in an air environment
at 1000°F (538°C).
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3/2STRESS INTENSITY FACTOR RANGE, AK, kg/(mm)

STRESS INTENSITY FACTOR RANGE, AK, lb/fin)

IO1 IO2
STRESS INTENSITY FACTOR RANGE, AK, MN/(m)3'2

Figure 5-12. Fatigue-crack growth behavior of pressure vessel
steel weldments tested in an air environment at

75°F (2U°C).
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WELD TYPE 1

BASE METAL: MATERIAL A (SA-387 GR. C)
FILLER METAL: MATERIALE(21rJCr-lMo) /

cP/o
SPECIMEN 635

WELD TYPE 2

BASE METAL: MATERIAL C

(SA 516 GR. 60)
FILLER METAL: MATERIAL F

(AWS E8018
-CD

D SPECIMEN 938

t 1 r

PRESSURE VESSEL STEEL WELDMENTS
TESTED IN AIR AT 600°F (316°C) ~
f = 40cpm, R= 0.05

• SCATTER BAND FOR MATERIALS
A,B,C, DTESTED UNDER
SIMILAR CONDITIONS.
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Figure 5»13- Fatigue-crack growth behavior of pressure vessel

steel weldments tested in an air environment at

600°F (3l6°C).
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PRESSURE VESSEL STEEL WELDMENTS
TESTED IN AIR AT 800°F (427°C)
f- 40cpm, R- a05 ^__

SCATTER BAND FOR MATERIALS
A,B,C TESTED UNDER SIMILAR
CONDITIONS.

WELD TYPE 1

BASE METAL: MATERIAL A (SA-387 GR. C)
FILLER METAL: MATERIALE ( 2 1/4Cr-1 Mo)-

O SPECIMEN 632

WELD TYPE 2

BASE METAL: MATERI AL C (SA-516 GR. 60)
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Fatigue-crack growth behavior of pressure vessel
steel weldments tested in an air environment at

800°F (1+27°C).
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PRESSURE VESSEL STEEL WELDMENTS

TESTED IN AIR AT 1000°F (538°C)
{= 40cpm, R= a05 A

AA

WELD TYPE 1

BASE METAL: MATERIAL A (SA-387, GR. C)
FILLER METAL: MATERIAL E (2 1/4 Cr-1 Mo)

O SPECIMEN 640

A SPECIMEN 637

WELD TYPE 2

BASE METAL: MATERIAL C (SA-516GR. 60)
FILLER METAL: MATERIAL F (AWS E8018-C1)
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Figure 5.15- Fatigue-crack growth behavior of pressure vessel
steel weldments tested in an air environment at

1000°F (538°C).
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5.2.2.3 Expected Accomplishments

Testing to characterize the effect of liquid sodium environment

upon fatigue-crack growth behavior of austenitic steels, ferritic
steels, and nickel-base alloys will continue.

5 2.3 THE DUCTILE FRACTURE TOUGHNESS RESPONSE OF INCONEL 7l8 AND INCONEL
X-750 AT 75°F AND 800°F - W. J. Mills, R. L. Knecht

5-2.3.1 Objective

The objective of this work is to characterize the fracture toughness

response of LMFBR structural alloys. This information supports the design,
operation, and safety analyses of LMFBR structural components.

5.2.3.2 Accomplishments and Status

The elastic-plastic fracture toughness response of Inconel 7l8 and
and Inconel X-750 was determined at 75°F and 800°F. The chemical analysis
and mechanical properties of these materials are given in Tables 5-k and
5.5, respectively. The Inconel 7l8 INEL heat treatment and the Inconel
X-750 double aging heat treatment are reported in Table 5-6.

Fracture tests were performed on deeply cracked (fatigue precracked

to a/w > 0.6) .577 T compact tension specimens of Inconel 718 (thickness-
0.U95 inch) and Inconel X-750 (thickness - 0-577 inch) oriented in the
T-L direction (22). The critical value of J associated with crack

initiation, J ,was determined by the R-curve technique outlined in

Reference (23).

The R-curves for Inconel 718 reveal that JIc decreased from 727
in-lb/in2 at 75°F (Figure 5-l6) to 555 in-lb/in2 at 800°F (Figure 5-17).
The room temperature value of JIc was considerably higher than that
reported by Wells et al. (2k), 120 in-lb/in2. This apparent anomaly is
believed to be associated with heat treatment and/or melt practice vari
ations. In support of this hypothesis, Logsden (25) has shown that the



TABLE 5.J*

CHEMICAL COMPOSITION (percent by weight)

Material Producer/Heat No. C Mn Fe _S Si Cu Ni Cr Al Ti Co P Mo B Cb & Ta

Inconel 718 Haynes/2l80-l-931*5 0.06 0.08 Bal. <.005 0.07 0.0U 52.88 18.06 0.51 1.11 0.22 <.005 2.89 .00U 5.0i»

Inconel X-750 Huntington/HT67l6X 0.03 O.56 6.66 0.007 0.U0 0.09 72.8U 15-27 O.67 2.60 0.07 * * * *

* Not determined.

KJ

OO



Material Temperature

75°F

Specimen
No.

Inconel 718 Tl»l

Inconel 718 800°F tUo

Inconel X-750 75°F T106

Inconel X-750 800°F T108

_3 1
Strain rate = I.78 x 10 min

TABLE 5.5

MECHANICAL PROPERTIES

0.2$ Yield Ultimate Total
Strength Strength Elongation

1^5,350 psi 190,730 psi 20.Ok %

126,830 psi 168,700 psi 15.1*7 %

93,090 psi 1»»9,190 psi 1U.33 %

82,100 psi lU8,390 psi 19.62 %

Red. Site

In Area Sequence No.

33-87 % H0l»9l6

28.U6 % HOU936

15.U5 % H05986

25.81 % H05986

|NJ

VD
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TABLE 5-6

HEAT TREATMENTS

INCONEL 718: INEL Heat Treatment

Solution annealed 1 hour at 2000°F
Cooled to 1325°F at 100°F/hour
Aged k hours at 1325°F
Cooled to 1150°F at 100°F/hour
Aged 16 hours at 1150°F
Air cooled to room temperature.

INCONEL X-750: Solution Treated and Double Aging Heat Treatment

Solution annealed 2 hours at 2100°F

Air cooled

Aged 2k hours at 1500°F
Air cooled

Aged 20 hours at 1300°F
Air cooled.
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CRACK EXTENSION, mm
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Figure 5.l6. R-curve for Inconel 718 (INEL Heat Treatment)
tested at room temperature.
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CRACK EXTENSION, mm
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Figure 5.17- R-curve for Inconel 7l8 (INEL Heat Treatment)
tested at 800°F.
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fracture toughness of Inconel X-750 (at -452°F) was very dependent on

manufacturing process/heat treatment combination. Additional testing

is currently underway at HEDL in order to resolve this issue.

The elastic-plastic fracture toughness behavior of Inconel X-750 at

75°F and 800°F is illustrated in Figures 5-l8 and 5-19, respectively.

The room temperature ductile fracture toughness of Inconel X-750, 5*+4

in-lb/in2, was found to be less than that of Inconel 7l8. However,

contrary to the fracture behavior of Inconel 718, the elevated tempera

ture ductile fracture toughness of Inconel X-750 was essentially the

same as the room temperature response. This observation is consistent

with Logsdon's findings (2k) where J for Inconel X-750 remained

essentially constant over a temperature range from 75°F to -452°F.

It is significant to point out that the experimentally determined

stretch zone size for both Inconel 7l8 (Figure 5.l6: Specimen 473) and

Inconel X-750 (Figures 5-l8 and 5-19: Specimens 523* and 955, respect

ively) were in excellent agreement with the theoretical curve

J = 2af (Aa).

5.2.3-3 Expected Accomplishments

Room temperature and elevated temperature elastic-plastic fracture

toughness testing of nickel-base alloys, A-286 stainless steel, and fer

ritic steels will continue. In addition, fractographic examination of

fracture specimens will be performed in order to better characterize

the fracture response of these alloys.

* The fracture surface of Specimen 523 exhibited both stretch zone
formation and localized crack extension. Therefore, the data

point which falls on the line J = 2a (Aa) represents only those
regions exhibiting a stretch zone (approximately 60% of the crack
front). The data point which falls on the R-curve is representa
tive of the entire crack front (i.e., a weighted average of stretch
zone and crack extension measurements).
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Figure 5-l8. R-curve for Inconel X-750 (Solution Treated
and Double Aging Heat Treatment) tested at
room temperature.
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CRACK EXTENSION, mm
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Double Aging Heat Treatment) tested at 800°F.
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5.3 MATERIALS INFORMATION DOCUMENTATION

J. C. Spanner, R. A. Moen, M. F. Marchbanks

5-3.1 Objective

The objective of this program is to manage, coordinate and distri

bute the Nuclear Systems Materials Handbook as a standard materials

property reference for the nuclear community.

5-3-2 Accomplishments and Status

Nuclear Systems Materials Handbook

Update publication package Number k was 95% complete at the end

f July and was scheduled for printing early in August, 1976. This

package will contain 8k new pages.
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6.0 WESTINGHOUSE ADVANCED REACTORS DIVISION

E. C. Bishop, W. E. Ray

6.1 INTRODUCTION

Two programs are being performed at Westinghouse Advanced Reactors

Division (ARD). The first program is "Validation of High Temperature

Design Methods and Criteria" (189a CW063). Two of the tasks in this

program are "Basic Specimen Testing" and "Tubular Specimen Testing".

The specimen material for both tasks was supplied from the ORNL refer

ence heat of Type 304 stainless steel and future tests will include

specimens from the reference heat of Type 316 stainless steel. The

second program is "Component Materials Compatibility" (189a CW065).

One of the tasks in this program is "Mechanical Properties".

The basic specimen tests are performed on plates and bars loaded

at 1100°F (593°C). Specimen designs have been selected to provide

nonuniform stress distributions (uniaxial, plane stress, and plane

strain) and to determine the effects of holes, notches, and welds in

various orientations. Uniform and stepped loading is applied at levels

sufficient to cause significant creep strain in hundreds of hours and

rupture in several thousand hours. Test data are used for: verifica

tion of constitutive equations for time-dependent material response,

validation of analytical techniques for nonuniform stress states, and

investigation of strain limits in base metal, welds, and at geometrical

discontinuities.

The tubular specimen tests are being run at 1100°F (593°C) with

various combinations of internal pressure and axial load to produce a

uniform stress state with a range of biaxiality. Load levels have been

selected to determine secondary creep rates in 2000 hours with both

steady state and step loading. A limited number of tests will be

continued to rupture with geometrical discontinuities. The test data

are primarily used for verification of constitutive equations and vali

dation of analytical techniques for shells under multiaxial states of

stress.

339
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Westinghouse ARD is performing experiments to identify the effects

of a flowing sodium environment on the mechanical properties of LMFBR

structural components. The present scope of the program involves three

materials: Type 316 Stainless Steel,Type 304 Stainless Steel, and

Inconel 718. Work on these materials is in support of the CRBRP upper

plenum and hot leg piping components design. Inconel 718 is also being

evaluated on a limited basis, relative to the thermal transients to be

experienced by the thermal baffles in the upper plenum of the FFTF reac

tor. More extensive evaluations in the material for the CRBRP will

follow. Low-cycle fatigue, creep-fatigue, and creep-rupture experiments

are being performed in flowing sodium at elevated temperatures on as-

fabricated, aged, and sodium pre-exposed samples in order to identify

the environmental effects. In addition, in-air experiments are being

performed on the same materials to obtain baseline data.

This report covers the periods: Sections 6.2 and 6.3 - 3/1/76

to 5/31/76 and Section 6.4 - 2/1/76 to 4/30/76.

6.2 BASIC SPECIMEN TESTING - M. J. Manjoine (Westinghouse Research
Laboratories)

Current basic specimen test data are presented in Table 6.1. Dis

cussions pertaining to specific tests are listed below.

6.2.1 Type 304 Stainless Steel Testing

6.2.1.1 E2, Tension Plus Bending

Measurements of photographs of Model E2 indicate that the overall

extensometer indicates about 50% higher deflection because of bending

of the comparison rods which extends from the gage section to outside

the furnace. The specimen geometry is shown in Figure 6.1 with the

strain gage location as viewed from the side opposite that for photo

graphic recording. The data from grid measurements and strain gage

are plotted in Figure 6.2. The photographs of Model E2 at test termina

tion, Figure 6.3, shows the crack at the upper right hand fillet to be

about 12.7 mm long.
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Table 6.1 Summary of Creep Data for Type 304SS and Type 316SS
at 1100°F (593°C)

Loadinq Data Creep Data
Plastic Creep Increment Accumulated Permanent

Stress Strain Ra te Strain

hr) {%)
Time

(hr)
Strain Time

(hr)
Strain

(ksi) (MPa) 1%) (%/

C4, 1/3 x 10/3 x 3 in. (8.E x 85 x 76.2 mm) CENTRAL HOLE, 1/3 in. (8.5 Tim) DIA. , 304SS

18.0k 124.1 1.55n 8 x IO"4 . 1.26n
x 10 0.9

1030a 1.26n 1030,
30431"

2.81n
4.5 2013a 2.169 3.71

D6-2, NOTCHED BAR, 304SS

20.0 137.9 0.94t 4023 0.941 4023u 0.94*
12869 0.12 16892n 1.06

E2, TENSION PLUS BENDING (LATERAL STRAIN GAGE DATA) , 304SS

23s18.0 124.1 -0.74 -0.12 -0.86

+11.7W +80.7 -0.50 1340a -1.24

-0.76 3158a -1.40

-0.88 4673s -1.62

-0.90 5413s -1.64

-0.93 6154s -1.67

-0.94 6587a -1.68

4 x IO"5 -0.97 7424s -1.71

-1.03 8216^
8500n

-1.77

-1.08 -1.82

BAW-2, B-TYPE WITH CENTRAL AXIAL WELD, 304SS

22.0 151.7 0.13n 2.4 x IO"3 5.0n 1509 5.0" 1509a
2586a

5.1n
8.192 x IO"3 3.0 1077 8.0

2 x IO"3 2.1 954 10.1 3540a 10.2,
12.3f2 x IO"3 2.1 960 12.2 4500a

CAW-1 , C-TYPE WITH CENTRAL AXIAL WELD, 3(34SS

7319a 0.94n 7319s18.0k 124.1 0.03n 8 x IO"5 0.94n 0.97n

0.01 8.5 x 10-5 0.25 2955a 1.19 10274 1.23

7.8 x IO"5 0.22 2829a 1.41 13103 1.45

1.6 x 10-4 1.48 13500£
14571n

1.52

6 x IO"4 0.47 1468 1.88 1.92

* HT9T2796, annealed 2000°F (1094°C)
+ H8092297, annealed 1950°F (1065°C)
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Table 6.1 (Continued)

Loading Data Creep Data
Plastic Creep

Stress Strain Rate
Increment

Strain Time

(%) (hr)

SVERSE WELD, 304SS

Accumulated

Strain Time

{%) (hr)

1.0n 3648
1.1 5058

1.14 6499
1.22 8002

1.30 8990f

Permanent

Strain
(ksi) (MPa) {%) (%/hr) (%)

BTW-2, B-TYPE WITH CENTRAL TRAN

19.0 131 0.08 1.3 x 10"

3 x 10-5
5 x IO"5
8 x 10-5

DTW-1, NOTCHED TRANSVERSE WELD,

4 1.0n
0.1

0.04

0.08

0.08

304SS

3648a
1410a
1441
1503

988

1.08n
1.18

1.22

1.30

1.38

29.0 200

DTW-2, NOTCHED TRANSVERSE WELD, 304SS

25.0 172.4
28.0 193 5505"

DZTW-2, CIRCUMFERENTIAL NOTCH AT HAZ, 304 SS

22.0 151.7

GTW-1, G-TYPE WITH TRANSVERSE WELD, 304SS

25.0 172.4

6D1 , NOTCHED BAR, 316SS

35.0 241.4 0.06r

6D2, NOTCHED BAR, 316SS

28.0 193 0.002r

6D3, NOTCHED BAR, 316SS

25.0 172.4

6020^

0.003r 5183e 0.16*
10688q 0.34*

903u

448

0.01 335

0.0131" 1844f

0.007 1914
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Footnotes for Table 6.1

interrupted for photographic measurement Time at final stress

transition at 0.2% offset nAverage overall strain

transition at double minimum rate PTest in preparation

dRupture, R Specimen to be sectioned to deter
mine damage.

eStress raised (step-loaded test) Reflection of notch, inches (25.4 mm)

fTest in progress Unloaded and reloaded to determine
damage

9Crack initiated ^rue strain =lp (Ao/A)
hTest terminated, crack tearing UTest interrupted, 1/2 of specimen

continued

Strain gage average, bending noted Peak stress side

•^Specimen rotated 180° to investigate wNominal elastic bending stress
bending

Net section stress

NOTE: Previously obtained creep data appeared in earlier issues of "Mechanical
Properties Test Data for Structural Materials".
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6.2.1.2 BTW-2 Transverse Weld in Type B Model at 19 ksi (131 MPa)
and 1100°F (593°C)

The creep strain has reached 1.4% after 8990 hours. The creep

rate is decreasing slowly and is currently 8 x 10 %/h. Inspection

did not reveal any crack initiation. Specimen BTW-1 showed cracks

after 2.3% strain.

6.2.1.3 BAW-2 Axial Weld in Type B Model at 22 ksi (151.7 MPa)
and 1100°F (593°C)

The cracking at the heat affected zone is shown in Figure 6.4

after 4500 hours. There is little penetration of the cracks into

the weld metal but some "forking" can be detected. The initial cracks

near mid-length have grown to about 4 mm and additional cracks are

initiating as the critical strain spreads along the gage length.

6.2.1.4 C-4 B Model Plate with Central Hole at 18 ksi (124.1 MPa)
net section Stress and 1100°F (593°C)

This test was interrupted at 3043 hours for photographic inspec

tion. As shown in Figure 6.5 cracking has initiated at each side of

the central hole and the cracks have started to fork. Testing will be

continued to investigate the crack propagation.

6.2.2 Type 316 Stainless Steel Testing

6.2.2.1 6D2 Notched Bar at 28 ksi (193 MPa) at 1100°F (593°C)

This test is in progress at 1844 hours.

6.2.2.2 6D3 Notched Bar at 25 ksi (172.4 MPa) at 1100°F (593°C)

This test is in progress at 1914 hours.
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6.3 TUBULAR SPECIMEN TESTING - C. Daniels, K. C. Thomas, P. C. S. Wu

6.3.1 Type 304 Stainless Steel Testing

Two topical reports were issued on the 304 SS tubular specimen

program: WARD-HT-3045-13, Design and Analysis of Multiaxial Cylindri

cal Creep Test Specimens, by R. H. Mallett, A. K. Dhalla and

J. T. Yocolano, and, WARD-HT-3045-14, Data Package for Type 304 Stain

less Steel Tubular Specimen Creep Test Program, by P. C. S. Wu. These

two reports present a detailed record of how the tubular specimen tests

were performed and how the data were processed to provide a comprehensive

set of 304 SS creep measurements from this program.

Analysis of the 304 SS data was continued with six inelastic

analyses on the .05 inch thick specimens. The results can be summarized

as follows:

1) The effective gage length varies with the thickness of

the tube

2) The effective gage length varies with the stress ratio

and not the stress level. However, this variation is

highly non-linear for the 0.05 inch thick tube as compared

with a nearly linear distribution obtained for the 0.1 inch

thick tube. Therefore, discrete values of the effective

gage length for various stress ratios will be used in

creep data reduction of tubular specimens.

6.3.2 Type 316 Stainless Steel Testing

The annealing procedure for the 316 SS was modified to eliminate

the soak time at the annealing temperature. Specimens were allowed to

reach the annealing temperature and were then immediately air-cooled.

Subsequent tensile testing at a strain rate of 4 x 10 /sec. produced

a .2% offset yield stress of 29.2 Ksi, which is within the reported ORNL

range of 28-32 Ksi.
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6.4 SODIUM EFFECTS ON MECHANICAL PROPERTIES OF STRUCTURAL MATERIALS

P. N. Flagella, J. Kahrs, J. Denne, P. Wu, S. L. Schrock

6.4.1 Type 316 Stainless Steel

During this reporting period, creep rupture and low cycle fatigue

tests in sodium on the HEDL heat of 2.5 cm (1 inch) plate material

(65805) were initiated. Creep rupture results for tests performed at

593°C (1100°F) and 275.8 and 240.1 MPa (40.0 and 32.5 ksi) are given

in Table 6.2. Figure 6.6 presents the strain-time creep curves for

the tests performed at 275.8 MPa (40.0 ksi). These curves show that

the rupture life and ductility are significantly increased as a result

of the sodium pre-exposure. The minimum creep rate is lowest for the

as-fabricated sample. Somewhat surprising is the decreased loading

strain for the pre-exposed samples, which also have the higher minimum

creep rates. This is consistent with the tests of Type 316 stainless

steel in sodium at 593°C (1100°F) from the W heat of material, reported

previously . The differences in creep-rupture properties for sodium

pre-exposed samples when compared to the as-fabricated sample are

apparently due to changes in the material's microstructure resulting

from time-at-temperature during the pre-exposure. The effect of the

sodium environment on the creep-rupture properties is not clear at this

time, and will require additional data for evaluation. In addition,

tests in sodium at lower stress levels are in progress to determine

if the differences in creep rupture properties will persist for longer

test times.

Low-cycle strain-controlled fatigue tests in flowing sodium for

the HEDL heat of solution annealed Type 316 stainless steel plate

material were also initiated during this reporting period. Test results

obtained to date at 593°C (1100CF) are given in Table 6.3. Figure 6.7

presents both the total and plastic strain range values as a function

of cycles-to-failure. Also included in the figure are the data for

two tests of the W-ARD heat of material, previously reported. With the

exception of the one test of as-fabricated material at a Ae = 0.33%,

the indication is that the fatigue life for the sodium pre-exposed



Table 6.2 Creep-Rupture Results for S.A. Type 316 SS^ Tested
in Flowing Sodium at 593°C (1100°F)

Stress Loading Minimum Rupture Tota1 ...
Sample Na Pre-Exposure — Strain Creep Rate Time Elongationlb;
Number Hours at 593°C MPa ksi % %/hour hour %

A017 5,000 275.8 40 6.7 2.5 x 10"1 110 68

A084 2,000 275.8 40 8.6 1.8 xlO"1 129 68

A149 0 275.8 40 10.7 8.0 x IO"2 75.2 18.5

A146 0 240.1 32.5 4.6 8.5 x IO"3 640 21

(a) HEDL Heat 65805 (2.5 cm thick plate).

(b) Gage section 0.64 cm diameter x 2.54 cm Ig.

(-0
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Table 6.3 Low Cycle Fatigue Results^ for S.A. Type 316 SS^
Tested in Flowing Sodium at 593°C (1100°F)

Sample Na Pre-Exposure
Number Hours at 593°C

A144 0

A050 2,000

A141 0

A045 2,000

A032 5,000

A140 0

A047 2,000

A160 0

A105 2,000

A033 5,000

Strain Range Stress
(c)Ranqev '

AEf Ae

P

1.53

MPa

837.0

ksi

121.4

Nf

2.14 394

2.16 1 .63 780.5 113.2 332

1 .06 0.68 670.2 97.2 2,265

1.10 0.69 593.0 86.0 1,927

1 .13 0.69 586.8 85.1 2,355

0.66 0.27 581.2 84.3 18,245

0.70 0.36 514.4 74.6 7,864

0.33 0.04 508.8 73.8 124,900

0.34 0.06 401 .3 58.2 382,119

0.34 0.12 386.1 56.0 59,592

(a) Control Mode: Axial strain
Wave Form: Triangular, zero mean strain
Strain Rate: 4 x IO"3 sec.-1

(b) HEDL Heat 65805 (2.5 cm thick plate)

(c) At Nf/2

in
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material below Ae = 1% is lower than the as-fabricated material. In

addition, the fatigue life, at the same total strain range, appears to

decrease as the sodium pre-exposure time at 593°C increases. This is

apparently related, at least in part, to the microstructural changes

in the material as a result of the temperature and time during the

sodium pre-exposure. Effects of corrosion and interstitial transfer

which result from the sodium exposure are probably additional factors

influencing the results. Metallurgical evaluations are planned for the

next reporting period.

The total strain range curve for the as-fabricated material at 1%
(2)

and above is in good agreement with reported date obtained in air.

The two tests below 1% (0.66 and 0.50%) performed in sodium, indicate

an increasing fatigue life when compared to the in-air data. This may

be due to the longer time of testing and the increasing influence of

the environments.

6.4.2 Inconel 718

Low-cycle strain-controlled fatigue tests on Inconel 718 are being

performed in-air and in-sodium to evaluate the effect of the environment

on the fatigue life. Using the same heat of material, grain size effects

on the fatigue life are being determined by subjecting the material to

two different heat treatments. In addition to testing the material in

the as-heat treated condition (as-fabricated), tests are also performed

after vacuum aging and sodium exposure of samples at 538°C for 2,000

hours. Table 6.4 presents results obtained to date for samples pre-

exposed and tested in sodium at 538°C. Table 6.5 presents results

obtained for in-air tests of as-fabricated samples and samples vacuum

aged at 538°C for 2,000 hours. The data are presented in terms of

strain range versus fatigue life in Figures 6.8 and 6.9. Also included
(3)in each figure are the data reported by the Aerojet Nuclear Corporation ,

using the same heat of material. All test results for the material

solution annealed at 1040°C (1900°F) and double aged per AMS-5597A

are presented in Figure 6.8 (grain size ^ASTM 4). Good agreement is

shown between the two data sources for the material tested in air in



Table 6.4 Low Cycle Fatigue Results^ ' for Inconel 718^ '
Tested in Flowing Sodium at 538°C after Sodium Exposure

at 538°C for 2,000 Hours

Sample
Number

Strain Ra nqe, %
Ai

Stress

MPa

Ra nqev
ksi Nf

2,(a)
1 .59 0.54 1803.7 261 .6 1 ,614

13(a) 1 .09 0.14 1621.0 235.1 27,200

5(a)
0.82 0.01 1382.4 200.5 200,000^

6(b)
1.50 0.53 1656.2 240.2 3,363

34<c> 1 .39 0.37 1745.8 253.2 3,518

(a) S.A. 940"C + D. A. (AMS-5596C)

(b) S. A. 1040°C + D. A. (AMS-5597A)

(c) S. A. 1065°C + D. A. (AMS-5597A)

(d) Control Mode: Axial strain
Wave Form: Triangular, zero mean strain
Strain Rate: 4 x lb"3 sec.

(e) ANC Heat //2 (2.5 cm thick plate)

(f) At Nf/2

(q) Tested in load control at 23.5 cpm

In
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Table 6.5 Low Cycle Fatigue Results^ ' for Inconel 718
Tested at 538°C in Air

(b)

Sample
Number

Strain Range, %

Stress

Range^
Comp.
Hold,
Hour Nf NotesAEt Ae

P
MPa " ksi

940°C S. A. + D. A. (AMS-5596C)

9 0.95 0.22 1610.7 233.6 0 2,050

17 0.97 0.15 1592.7 231.0 0 3,340

25 1.96 0.96 1972.0 286.0 0 377

1 2.04 1.09 1434.2 308.0 0 400

31 2.01 0.98 1778.9 258.0 0.5 357

55 2.00 0.90 1834.1 266.0 1.0 333

940°C S. A. + D. A. (AMS-5596C) , Vacuum Aged, 1,000°F, 2,000 Hours

11 0.87 0.03 1406.6 204.0 0 >45,556

27 1.02 0.06 1627.2 236.0 0 3,725 compressed to 2% on 2nd

7 1.26 0.18 1820.3 264.0 0 2.286 cyc1e
19 1.45 0.42 1820.3 264.0 0 1,482

3 1.90 0.71 1903.0 276.0 0 627 /overheated to 1300°F for
,cy ' "^ 1/2 hour during heat-up15 1.90 0.94 1875.4 272.0 0

29 2.01 0.78 1847.9 268.0 0.5 419

45 1.27 0.17 1999.6 290.0

1065°C S. A. + D. A. (AMS-5597A

See

Note

L

2,590)1.0 hour comp. hold during
list 290 cycles

48

40

0.96 0.045 1452.8 210.7

0.97 0.045 1434.2 208.0

0

0

12.454
' ^tested at Aet = 0.76% for

8,137 {10,545 cycles first
7602 2.00 0.60 1889.2 274.0 0

18 2.00 1.05 1875.4 272.0 0 457

56 2.00 0.66 1889.2 274.0 1.0 639

1065°C S. A. + D. A. (AMS-5597A); Vacuum Aged. 1,000°F. 2,000 Hours

38 2.10 0.75 1918.9 278.3 0 605

42 2.00 0.74 1892.0 274.4 0 610

(a) Control Mode: Axial strain
W

s

ave Form:

train Rat
Triangular,

e: 4 x 10"3 sec
zero mean strain

(b) ANC Heat #2 (2.5 cm thick plate)

(c) At Nf/2
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the as-fabricated condition. No effect of vacuum aging the material

at 538°C for 2,000 hours is indicated, based on the two tests performed

at a total strain range of 2%. The two samples sodium pre-exposed at

538°C for 2,000 hours and tested in sodium at a total strain range of

approximately 1.5% imply an increase in fatigue life over the results

obtained in air for as-fabricated material. Since no effect was indi

cated for the aged material, the increase in fatigue life is apparently

an environmental effect. Additional tests will be required before this

can be substantiated. The data trend for the plastic strain range

values strongly suggest two linear regions, one below about 2,000 and

another above 2,000 cycles to failure. The actual slopes are not

clear because of the large data scatter, but the curve representing

the ANC data below 2,000 is shown at a slope of -0.59, and the curves

representing the ANC data above 2,000 are shown at a slope of -1.8.

All test results given in Figure 6.9 are for the same heat of

material; solution annealed at 940°C (1725°F) and double aged per

AMS-5596C (grain size ^ ASTM 10). Two populations of data are indi

cated for both the ANC and W-ARD total strain range results obtained

in air, with the W-ARD data displaced to somewhat lower fatigue lives.

The reason for this is not known, but planned metallurgical studies

may offer an explanation. No effect of vacuum aging the material at

538°C for 2,000 hours is apparent if in fact there are two populations

of data. If not, a significant increase in fatigue life is indicated,

50% at Ae = 2% and 100% at Ae = 1%. The effect of the sodium envir

onment on the fatigue life is also unclear based on the three tests

performed, but no deleterious effects are indicated. It appears

likely that the fatigue life is increased for Ae =1%.

6.5 REFERENCES

(1) ORNL-5112, Mechanical Properties Test Data for Structural Materials

Quarterly Progress Report for Period Ending January 31, 1976,

page 209.

(2) C. R. Brinkman and G. E. Korth, "Low Cycle Fatigue and Hold-time

Comparisons of Irradiated and Unirradiated Type 316 Stainless Steel,"
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(3) C. R. Brinkman and G. E. Korth, Strain Fatigue and Tensile Behavior

of Inconel 718 from room temperature to 650°C, ANCR-1125, August

1973.



7. UNIVERSITIES

7.1. UNIVERSITY OF CINCINNATI

J. Moteff and H. I. Jang

7.1.1. INTRODUCTION

The objective of this program is to (a) evaluate the

time, temperature, and stress-dependent mechanical properties

of reactor structural materials, (b) determine the relation

ship of these properties to the microstructure, (c) show the

contribution of the microstructure to the internal stress

fields and the subsequent influence on microcracking and the

grain boundary sliding behavior during the normal plastic

deformation at elevated temperatures, and (d) demonstrate

the relationship of the hot micro-hardness properties with

the hot-tensile properties of a class of commercial and

advanced alloys presently under investigation at other labo

ratories. Special consideration is being given to operating

conditions typical of nuclear reactor applications, including

the knowledge that radiation environment can influence the

substructure of these metals, a circumstance which can lead

to significant changes in the conventional mechanical property

behavior.

7.1.2. EXPERIMENTAL PROGRAM

Transmission electron microscopy has been used as the

primary tool to study the deformation substructure of reactor

structural materials resulting from creep, fatigue, and

tensile testing at elevated temperatures. Complementary work

363
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using optical microscopy, scanning electron microscopy, and

hot-hardness testing has been performed to characterize the

deformation and failure behavior. New work is underway to

perform similar studies on the Commercial, the Developmental,

and the Fundamental alloys being evaluated in the National

Alloy Developmental Program with particular attention on

the application of hot-hardness measurement as a strength

microprobe.

7.1.2.1. Creep-Microstructure Evaluation of AISI 330

Stainless Steel

7.1.2.1. (A) Stress-Temperature Effects on Substructures

(B. Billings)

Table I shows the results of the creep-rupture testing

completed to date. All testing was performed at 701°C with

the exception of one sample which has been discussed

elsewhere . The specimen geometry, type of creep testing

machine, and testing methods pertinent to this work have been

reported before . Figure 1 shows the creep curves obtained

through this testing. It can be observed qualitatively that

AISI 330 demonstrates the stress dependence of the overall

creep rate as documented in the literature . However, as

the present time period is being utilized mainly for raw data

collection, a detailed interpretation of the experimental re

sults will be withheld pending further data accumulation.

A limited amount of TEM observation has been performed

on two (2) of the ruptured specimens: AN330-CB01 and AN330-



TABLE 7.1

AISI 330 RAW CREEP-RUPTURE TEST DATA,

TEST TEMPERATURE 701°C (1294°F)

Sample
Number

Appli
Stress,

ed

ksi

e

P
%

et
%

e
s

%/hr
fc2
hr

fcR
hr

eR
%

RA

%

AN330-CB01 40 5.0 12.0 83.7 0.15 0.25 60.0 44.1

-CB03 35 2.-7 6.0 33.3 0.17 0.68 65.0 54.1

-CB02 30 1.5 2.7 8.82 0.85 2.90 64.0 56.4

-CB04 20 0.19 0.95 0.60 5.0 33.65 62.3 58.5

e = plastic loading strain

e. = transient creep strain

e = minimum secondary creep rate

t» = time to reach end of secondary creep (0.2% offset)

tD = time to rupture

e_. = rupture strain

% RA = % reduction in cross sectional area

NOTE: Values obtained through graphical methods
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CB04. These samples were tested at 40 ksi (275.8 MPa) and

20 ksi (137.9 MPa), respectively. The microstructure of the

former was cellular in nature, while that of the latter was

subgranular, as was expected. At the present time, however,

no quantitative microscopy work will be discussed.

7.1.2.1. (B) A Study on Subgrain/Cell Development During

Creep Deformation (J. Foulds)

The specimens for creep testing were machined from

1/4 in. dia. bar stock obtained from the Hanford Engineering

Development Laboratory (reference heat = BB89 51) and annealed
— 6

at 1100°C + 10°C and less than 1 x 10 torr in two batches

of twelve specimens each.

Microstructural features will be observed and the grain

size determined. Creep testing and TEM work will be carried

out according to the plan described below.

The strain behavior of the material will be studied at

a fixed temperature above 0.5 Tm and at two stress levels.

The temperature and stress levels will be selected such that

subgrains are obtained at one stress level and cells at the

other, and such that the strain rates involved are not too

high or too low to result in very short-term or long-term

tests. For this, a few preliminary tests will be run using

as a first approximation an Ashby deformation map for 304 SS

and operating at temperatures and stress levels in the region

of separation between dislocation glide and climb. Constant

load creep tests will be run using an Arcweld model C creep-
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rupture tester, the electric furnace being of the zone con

trollable type and capable of a constant temperature zone of

maximum variation + 1°C over a length twice the specimen

gage length.

The dislocation substructures will be studied at various

points in the deformation process using a different specimen

each time and stopping the test at the desired level of

completion. The cross-marked points in Fig. 2 indicate the

points at which substructure studies will be made,which with

increasing strain,represent:

(i) Before test (annealed),

(ii) At start of primary creep stage,

(iii) At approximately 50% primary creep strain,

(iv) At completion of primary creep stage.

(v) At 50% secondary creep strain,

(vi) At completion of secondary creep,

(vii) At approximately 50% of tertiary creep strain,

(viii) At rupture.

At these strains the substructure will be evaluated with

regard to

(i) Dislocation density,

(ii) Cell or subgrain size,

(iii) Misorientation between cells or subgrains.

(iv) The identification of any second phase formed and

its effect on strain behavior.

These will enable a quantitative correlation between the
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Time, hrs,

Fig. 7.2. Typical Creep Curve for AISI 330 Stainless
Steel. X Denotes Strain Levels at Which

Substructure Studies will be made.
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various facets of substructure development and the observed

strain behavior in the creep mode.

7.1.2.2. Activation Energy for Creep Calculated from Hot-

Hardness Data (H. I. Jang)

Most of the empirical equations relating hardness with

temperature are of the form:

H = Ae"BT [7.1]

H = AeB/T [7.2]

H = A + B/T [7.3]

(3)Although it is consideredv ' that the Ito-Shishokin relation

ship (Equation 7.1) is the most satisfactory expression to

fit the experimental data, it is difficult to interpret in
(4)

terms of other metal characteristics . For a large number

of metals, in fact, the data fit all three expressions quite

well, and Equation 7.2 is suggestive of thermally activated

(4)
deformation processes

The influence of temperature on the hardness of AISI 330

SS is shown in Fig. 3. The logarithmic scale of hardness vs.

1/T is used in accordance with Equation 7.2. The shape of the

hardness/temperature curve can be described as two straight

lines intersecting at about 0.55 Tm. The inflection of the

curve at around 0.5 Tm has been observed in many other metals,

and it has been attributed to a change in the deformation

mechanism from normal slip processes below the inflection to

diffusion-controlled processes above the inflection. From
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the slope of the curve in Fig. 3, the "apparent activation

energies for indentation hardness" were determined by using

(4)
the Larsen-Badse relation' :

H = Ae2Q'/RT [7.4]

The results are:

Q1 = 7.940 cal/mole for T > 0.55 Tm

Q' = 340 cal/mole for T < 0.55 Tm.

The apparent activation energy for indentation hardness is

(5)
low, and this has been explained by Sherby and Armstrong

They have shown that the activation energy for creep can be

determined from hot-hardness data above 0.75 Tm by using the

expression

L
H/E = G exp j^jr [7.5]

The hot-hardness data of AISI 330 stainless steel above 0.5 Tm

plotted as logarithm H/E vs. 1/T is shown in Fig. 4. As can

be seen two straight lines can be drawn with a break occurring

at about 0.75 Tm. In this plot the Young's modulus of AISI

304 SS^6' was used with an extrapolation to 1200°C. Utiliz

ing Equation 7.5 with n = 5, the activation energy for creep

of 93,400 cal/mole was obtained for T > 0.75 Tm.

7.1.2.3. Correlation of Hot-Hardness and Hot Tensile Strength

of 2 1/4 Cr - 1 Mo Steel (R. Doming)

Hot-hardness tests were performed in a high purity argon

(99.999%) atmosphere on 2 1/4 Cr - 1 Mo steel at four dif

ferent carbon levels between 0.009% and 0.135% by weight. The
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hardness results are related to the tensile strength at six

temperatures ranging from room temperature to 565°C by the

(7)
relationship

H / n \ n .„ ^
a = 3(<r2TT) [7'6]

As can be seen in Fig. 5, the correlation between UTS and hot-

hardness is excellent for the high carbon (0.120% C) and the

commercial (0.135% C) steels for all the temperatures tested.

The medium (0.030% C) and low (0.009% C) carbon steels show

good correlation at test temperatures above ^ 350°C and fair

correlation at the lower temperatures. Figure 6 shows the

comparison between the UTS obtained from the tensile data and

that calculated from the hot-hardness data for all four dif

ferent carbon-level steels. A straight line is drawn with a

45° angle through the data points, and it can be seen that

there is an excellent correlation between the experimental and

the calculated tensile strength.

7.1.2.4. Grain Boundary Sliding in AISI 304 Stainless Steel

(J. Costa)

Preliminary grain boundary sliding (GBS) data has

resulted from the testing of a direct-loading, ultra-pure

argon atmosphere creep furnace. Creep specimens 2.5 x 0.5

x 25 mm long were machined from a 304 SS sheet. The sheet

product form, after undergoing a series of cold rolling and

annealing treatments, resulted in an average grain size of

93 microns. Specimens were mechanically polished, etched

lightly, and a rectangular grid pattern was scribed by hand
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over the midsection using a SiC scriber.

The specimen was then heated to 750°C in an argon atmo

sphere and a 9,000 psi stress applied. At random intervals the

testing was interrupted and the specimen removed. Using the

traveling and optical microscopes, strain and grain boundary

sliding parameters were measured. The offsets of both the

transverse and longitudinal marker lines were measured and

ger

(9)

(8)
applied in Equation 7.7, previously used by Rachinger and,

in Equation 7.8, a simplified version from Stevens

£gb =Vt [7-71

e . = 2 NTdT [7.8]
gb L L

where N is the number of boundaries per unit length in the
L

longitudinal direction, 1T is a mean value of the longitudi

nal component of displacement of a transverse line, dL is a

mean value of the transverse component of displacement of the

longitudinal marker line.

It should be noted that these equations are applicable

under specific assumptions. Present investigations are

verifying the validity of these simplifying assumptions.

At least 400 total measurements were taken at the inter

sections of the grain boundary and the longitudinal and trans

verse marker lines to compute values for e . . The single

plot of e , in Fig. 7 was the computed mean value of the
gb

results as obtained from Equations 7.7 and 7.8. Photomicro

graphs of the more distinguishable sliding grains were
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included in Fig. 7.

Another fact to be emphasized is that only one specimen

was employed in this test of interrupted runs which could

appreciably affect the rupture life and total strain to

rupture.
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7.2 UNIVERSITY OF CALIFORNIA, LOS ANGELES - K. Ono,

A.J. Ardell and A.S. Tetelman

7.2.1 Mechanical Properties Evaluation of Carburized Type 304SS
(P.L. Jones and A.S. Tetelman)

This research program is designed to provide a basic

understanding of the effects of surface carburization on the

elevated temperature nechanical behavior of Type 304SS. The basic

research has been dividied into two parts: 1) evaluation of short-term

mechanical and fracture behavior; and 2) characterization of the

time-dependent mechanical behavior and corresponding changes in

rrdcrostructure, crack growth rate and fracture behavior. Since our

last report, work has continued on the second portion of the research

program.

A constant load creep frame with a 9.5:1 lever ratio is

being used to study the elevated temperature tlux>ugh-the-t±dckness

crack growth characteristics of surface flawed Type 304SS sheet

specimens. The present report describes the baseline data obtained at

750°C.

Constant load creep rupture tests were interrupted

periodically and the crack depth determined by a clip gauge displace

ment technique. Material characterization, specimen configuration

381



382

and the clip gauge displacement technique have been discussed

in a previous report. Crack growth experiments were performed

in both helium and in two gas mixtures of hydrogen and methane.

The calculated equilibrium surface carbon concentration was taken as

a direct measure of the carburizing potential.^ To insure a

significant amount of carburization in the specimens exposed to the

hydrogen-methane gas mixture, the tests were conducted at 750°C.

total exposure time varied from 12.5 to 23.6 hours.

Crack growth rates were analyzed as a function of both the

stress intensity factor, K, and the net section stress, a K
' NET.

was calculated from the Paris and Sihr ' equation for a semi-

elliptical surface crack in tension. This relation can be expressed

as:

H-[l +O.U a-a/c>] *& (£. tan f)
for a/t < 0.75 and a/c < 1 •

where a = flaw depth

2c = flaw length

o = far field stress

t = specimen thickness

and 0 = elliptical integral of the second kind, given by

77/2 . -. V2

-/t-M-*] "O ~ • C

The crack growth rate was determined graphically by plotting

crack depth as a function of time. The corresponding stress intensity
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factor and net section stress was calculated from the average crack

depth and length over the time interval used to determined the

crack growth rate.

Figures 1 and 2 are log plots of the crack growth rate,

da/dt, as a function of the stress intensity factor and the net-section

stress, respectively. It appears that the constant load crack growth

behavior at 750 C in both inert and carburizing atmospheres can be

correlated with either K or c^™ using equations of the form

da _„ji da ^ m_ = CK1 or ^ = Da^ ,

where n and m are 3.4 and 7.0, respectively. However, the physical

significance, if any, of either correlation remains to be shown.

Gatiparing the crack growth behavior in an inert vs.

carburizing environment discloses that the growth rate is strongly

affected by the carburizing potential, taken as the theoretical

equilibrium surface carbon concentration, C , which can be

calculated from the hydrogen to methane ratio and thermodynamic

considerations. Increasing C from 0 to 0.29 wt.% C had no

significant effect on the flaw growth characteristics. However,

at equivalent values of K and o^, the crack growth rate was

reduced by a factor of approximately 0.5 in the test conducted

with C =0.88 wt.% C. Thus, under static load conditions at 750 C
s

exposure of Type 304SS to a carburizing atmosphere has a beneficial

effect (if any) on crack growth.
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7.2.2 CREEP STUDIES IN STAINLESS STEELS

(0. Ajaja and A. J. Ardell)

7.2.2.1 INTRODUCTION

The effect of prior cold work (0-10%) on the creep behavior of

Type 304SS is under investigation. Our efforts have been particularly

concentrated on the primary and secondary creep characteristics. As

(4)we pointed out in a previous progress report, the strain-time

relationship that has provided the best fit to our data is of the form:

e=e0 +est +Et(l -e"rt) (3)

where e is the creep strain at time t, e and e. are the loading strain

and the limiting transient creep strain, respectively, es is the

secondary creep rate and r is the transient creep rate parameter. The

creep strength improvement resulting from prestrain was shown to be

greatly limited by the creep stress and temperature, and we suggested

that while prestraining resulted in a decrease of creep rate at low

stresses, rapid recovery at high stresses and/or temperatures contri

buted to a partial or total loss of creep resistance. In this report,

we present and analyze more creep data obtained from creep testing done

at three different temperatures: 677, 704 and 760°C. The sensitivity

of the stress dependence of creep rate to prestrain is examined. The

influence of prestrain on the transient creep parameters is being

delineated. By investigating how each parameter responds to prestrain

and the corresponding microstructural changes involved, we hope to gain

a better understanding of the mechanism of transient creep in particular,
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and of the overall creep behavior of the material.

7.2.2.2 EXPERIMENTAL PROCEDURES

The techniques of prestraining and creep testing have been

(4)
reported earlier. ' Cylindrical tensile specimens of Type 304SS are

solution-treated at 1040°C for 1 hr., prestrained in tension at room

temperature using an Instron machine, and subsequently creep tested

under conditions of constant (true) stress in the temperature range

677-760°C. Thin foils for TEM are spark machined from crept specimens

and jet electropolished using an electrolyte made up of 40 parts acetic

acid, 30 parts phosphoric acid, 40 parts nitric acid and 90 parts dis

tilled water. Final electro-thinning is done with a solution containing

940 mi ethanol, 6 m£ distilled water and 54 mil perchloric acid (70%) at

0°C.

7.2.2.3 RESULTS AND DISCUSSION

A. Secondary Creep

The secondary creep rate, e , decreases with increasing cold work

(CW) level at low test stresses (Fig. 3). This enchancement of creep

strength by prestrain becomes less apparent as the stress increases, and

at the highest stresses, CW has no significant effect. It is obvious

from Fig. 3b that CW levels up to about 6% have little effect on the

creep strength at T = 704°C and a = 172.4 MN/m2. This trend is frequent

ly observed at the intermediate stresses, suggesting that higher pre

strain levels are necessary in order to improve the creep resistance.
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about an order of magnitude stronger than the annealed specimen (Fig. 3c).

The microstructure of the annealed specimen was characterized by extensive

grain boundary precipitation and a limited subgrain formation, while the

prestrained specimen revealed, in addition, an array of banded carbide

platelets nucleated intragranularly on the deformation bands generated

during CW (Figs. 4c and d). We have not yet identified the nature of

these bands, although previous investigators have characterized them as

clusters of stacking faults produced by slip on closely spaced slip

planes^ or microtwins/ ' These bands have been known to provide ready

nucleation sites for carbide precipitates in aged stainless steels/5"7'

If the banded carbide platelets nucleate very early in the creep process,

which they probably do, the mean free path of the dislocations is reduced

and the propensity for subgrain formation, which depends very strongly on

dislocation mobility is greatly hindered. The lack of intragranular pre

cipitation at the high stress (partly due to the short test duration),

combined with faster recovery are clearly some of the factors responsible

for the lack of creep strength enhancement. The transient creep substruc

tures for the preannealed and prestrained specimens are currently under

study. The processes of precipitation and subgrain formation as functions

of creep testing time will be investigated.

The stress dependence of e is strongly influenced by all the

parameters a, T and CW. For all the temperatures investigated and for

specimens prestrained less than 4%, the creep rate follows a stress depen

dence of the type

es =A exp(3sa) (4)
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where A and 3S are constants. For CW levels greater than 4%, a better

fit is obtained with the polynomial stress function

e.
's

. nA'a (5)

where A' and n are constants. The plots presented in Fig. 5 indicate

that the creep rate for the annealed specimen follows the exp(3 a) - type

while the specimen prestrained 8% follows the an - type dependence. A

prestrain level of 4% represents the transition from the exponential to

the polynomial stress dependence at 704°C (Fig. 5c and d). This transi

tion lies between 2 and 4% CW at 760°C and between 4 and 6% at 677°C,

suggesting that the transition CW level decreases with increasing tempera

ture. The values of 3S (for 0 to 4% CW) and n (4 to 10% CW) are listed

in Table I. Evidently, 3S increases with temperature and CW; the value

of n, however, increases with increasing CW, but with decreasing tempera

ture.

It has been shown( ''that Eqs. (4) and (5) are both limiting
cases of a more general relation of the type:

e$ =A" sinh n(aa) (6)
where A", a and n are all constants. Equation (6) reduces to (4) at high

stresses (aa > 1.2) and to (5) at low stresses (aa< 0.8) with 6 = na,

A=A"/2n and A' eA"an. It is clear from Table Ithat although 3

increases with prestrain, n increases much more rapidly. Since a = 6 /n,

the net effect is to decrease a as the CW level increases. The fact that

the transition from the a - type to the exp(3 a) - type dependence for a

given specimen occurs at ao ~] implies that a decrease in the value of a

would result in an increase in the value of the transition stress. It is
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TABLE I

Cold Work

6sx 102(m2/MN) n

677°C 704°C 760°C 677°C 704°C 760°C

0 4.34 4.77 6.43 — — —

2 4.77 5.13 7.11 — — —

4 4.99 5.57 — 10.87 7.09

6 —
— 12.17 11.29 8.33

8 —

— 15.00 13.33 8.75

10 —

— 15.63 15.15 9.09

obvious, then, that for prestrain levels > 6% the transition stress was

raised above the stress range investigated, hence the o - type depen

dence. We hope to perform more tests in order to evaluate a and the tran

sition stress for all CW levels.

B. Transient Creep

,(4)As previously reported^ , prior CW significantly influences the

transient creep kinetics in the Type 304SS under investigation. The

limiting transient creep strain, e., decreases fairly rapidly with in

creasing prestrain at stresses < ?06.8 MN/m2 (Fig. 6). At 704°C and

o > 206.8 MN/m2, e is not significantly affected by prestrain levels

less than some critical value (about 6% for a = 206.8 MN/m2 and > 10%

for a=*241.3 MN/m2) beyond which a further increase in prestrain results

in a rapid decrease in the value of the transient creep strain. Note
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that at the lowest stress

investigated at each tem

perature, transient creep

was completely eliminated

(e. = 0) by a prestrain of

6% or more. Figure 7 il

lustrates the variation of

e. with a for the annealed

specimen. It is noted that

e. increases initially with

increasing stress and then

reaches some saturation

value beyond which a further

stress increase results in

no appreciable change

(T = 760°C) or a slight

decrease (T = 704°C) in the

value of e.. This is true

for all CW levels investi

gated. The saturation

value of e. thus observed

has been approximately 6 to

7%, also independent of CW

level. It is clear from

Fig. 7 that e. also in

creases with increasing
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Fig. 9. The relationship between the initial creep rate, e. and prior
cold work. '

temperature for any given stress level. The maximum value of e., however,

is again limited to the saturation value mentioned above.

The creep parameter r characterizes the rate at which transient

creep is exhausted, or the rate of approach to steady state. The results

presented in Fig. 8 indicate that r decreases rather mildly with increas

ing prestrain at 677°C and 704°C, this effect becoming more pronounced at

the lowest stresses. The plots for 760°C do not show a significant varia

tion of r with CW at any stress level investigated. However, its value

is very sensitive to stress and temperature changes, which is not unex

pected since r is directly related e , as is demonstrated below.
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All values of the initial creep rate, e., reported in this paper

are obtained by differentiating Eq. (3) w.r.t. time and setting t = 0,

giving:

*1 = ks + r et (7)

This is necessary because of the difficulty involved in making accurate

measurements of the strain rate immediately after loading. The values of

e. thus obtained are displayed as a function of prestrain in Fig. 9. The

mode of variation of e. with CW is very similar to that observed for e
i a

and r. Prestraining results in a reduced initial creep rate, this effect

becoming more drastic as the test stress decreases. For example, at 704°C

and 241.3 MN/m2, e. is reduced by <50% by a 10% prestrain, whereas the

same prestrain level at the same test temperature and a= 137.9 MN/m2
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leads to a reduction of the initial creep rate by more than two orders

of magnitude (Fig. 9).

The strain-time relation [Eq. (3)] has been theoretically derived

using different approaches based on dislocation kinetics, ' and uni-

molecular reaction kinetics. " ' It has also been shown to provide a

good fit for creep data obtained for stainless steels. ' ' Based on the

assumption that the same creep mechanism is rate controlling for both

transient and secondary creep, both r and e are supposed to have the same

stress and temperature dependence.^ ' Hence

r=B es (8)

where B is a constant, independent of a and T. A log-log plot of r vs. e

shown in Fig. 10 appears to be in good agreement with Eq. (5) at the

higher stress levels. At the lowest stresses, especially at 704°C

(Fig. 10a) the values of r are clearly higher than predicted by Eq. (8).

(13)
Webster, et al. made a similar observation in the course of their

analysis of Garofalo's creep data on Type 316SS. They attributed the

deviation at low stresses to the increased contribution of grain boundary

sliding to the measured creep strain. It is noted in Fig. 10, however,

that the applicability of Eq. (8) at the high stresses, as well as the low

-stress deviation, is true for all CW levels. The value of B obtained in

this investigation is 55.6 and it remains unaltered by prestrain.

(Webster's analysis of Garofalo's data for 316SS yielded B = 38.)

The initial creep rate, e., has been shown to be directly propor

tional to the steady state creep rate for annealed materials. ' " '
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Hence

i, - K4S (9)

where K is a constant. From Eq. (7),

Et = (S. -Es)/r,

and, combining this with (8) and (9) yields:

Et = (K -1)/B (10)

This led Webster et al./12' and Ahmadieh and Mukherjee' ' 'to conclude

that et is amaterial constant, independent of stress and temperature.

The results of Garofalo et al. ^ and Threadgill et alJ ' however,

showed that e. is dependent on both a and T, in contradiction to Eq. (10).

Both found that e. showed an initial increase with increasing a and T, and

later reached a limiting value beyond which it remained constant^ or

even decreased' ' with a further increase of a or T. Their observations

are entirely consistent with our present results. Threadgill et al.

associated the stress dependence with the breakdown of Eq. (8) at low

stresses, making Eq. (10) inapplicable. The same reason may account for

the rather strong temperature dependence of £t- Further research is

clearly necessary, particularly on the transient creep microstructure, in

order to fully appreciate the significance of the parameters r and e^ and

gain a better understanding of the effect of creep stress and temperature

on them.

Referring to Fig. 10b, it is noted that although at the higher

stresses, where r*£ , the validity of Eq. (6) is not altered by pre

strain, but e. nevertheless decreases as the CW level increases. Equation

(7) can be rewritten as
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£i = Es(l f BEt)

upon substitution of Eq. (6). This clearly suggests that Eq. (9) would

hold true only when both B and e. remain constant. Since e. changes with

prestrain, it follows that Eq. (9) would have to be modified for prestrained
(A)

specimens. This is consistent with our earlier observation^ ' that in the

stress range investigated

where both k and m are prestrain dependent. As reported for the annealed

304SS, m = 1 and k = 5.4 for tests performed at 704°C. Two special cases

of Eq. (11) are worth noting. First, at very high stresses when the

effect of prestrain is quickly eliminated by rapid recovery, all pre

strained specimens show basically the same creep characteristics as the

annealed specimen. Eq. (11) then reduces to Eq. (9) with m = 1 and k = k.

Also, at creep stresses low enough to render e. = 0 (complete elimination

of transient creep), e. and e are clearly the same, hence Eq. (11)

relaces to e. = e with both k and m equal to unity. The stress range

over which Eq. (11) is applicable, therefore, represents a transition

stage from the "No Transient Creep" condition (CW effect maximum) to the

"Full Transient Creep" condition (CW effect virtually nonexistent). More

creep data are being generated at two other temperatures in order to

investigate the effect of temperature, if any, on k and m.
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7.2.3 MICROSTRUCTURE AND HIGH TEMPERATURE DEFORMATION OF 2-1/4
CR - 1 MO STEELS

(S. Y. Hsu and K. Ono)

7.2.3.1 INTRODUCTION

We have reported previously large instantaneous loading strain or

strain burst, due to a stress increment during high temperature creep

tests of 2-1/2 Cr-lMo steels/17'18^ It is believed to be one of the

mechanical instability phenomena during plastic deformation, but its

relation to microstructures and test conditions is not understood. The

objective of this study was to systematically evaluate the variables

which are responsible for the strain burst phenomenon.

7.2.3.2 EXPERIMENTAL

Flat tensile specimens having four different carbon contents and

various heat treatment conditions were used in creep tests. Materials and

experimental details were identical to those reported previously. Each

specimen was tested at several stress levels corresponding to minimum

creep rates in the range of 10 to 10 per hour. For strain burst ex

periments, a steady state creep condition was first established, after

which additional load of 10 lb or 20 lb was carefully added. This was

equivalent to an increase in the applied stress level of 2 to 2.5 ksi for

10 lb weight (4 to 5 ksi for 20 lb weight), depending on the original

cross sectional area and prior deformation of the specimen.
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7.2.3.3 RESULTS AND DISCUSSION

A. Strain Burst Observations

Table II summarizes the results of a series of tests performed

using the 10 lb load increment. As reported previously, four alloys are

referred to as Alloy H, I, M and L, according to the carbon contents,

which are 0.12%, 0.03%, 0.021% and 0.009%, respectively. Observed strain

burst behaviors can be classified into three types. Type 1 exhibited no

strain burst phenomenon throughout the entire stress range and the sum of

instantaneous loading strain (Ee.) was less than 0.5%. Type 2 behavior

indicated occasional strain bursts, usually at relatively high stress

levels. Ee. reached 2 to 3%. The value of Ee. was over 5% in Type 3, and

large strain bursts were consistently observed upon a load increment

during the test. The following observations are pertinent:

(i) In the normalized and tempered (N&T) condition, Alloy H showed

no strain burst (Type 1) at either 850 or 1050°F. Alloys I, M and L also

showed no strain burst in the N&T condition, when test temperatures was

1050°F.

(ii) When test temperature was 850°F, the N&T materials of Alloy I

and L showed Type 3 behavior and that of Alloy M Type 2 behavior. Alloy I

and L showed much strain burst, the values of Ze. exceeding 5%. Instan

taneous loading strains larger than 0.5% were consistently observed

throughout the high stress range.

(iii) In Alloys I and L, the propensity for strain bursts dimin

ished after long time tempering at elevated temperatures. Tests # 5 ~



TABLE II. Strain Bursts in 2-l/4Cr-lMo Steels

Applied
Test Heat Treatment Test Stress

Number Alloy After N&T Temp (°F) (ksi)

1

2

H

H

2 e.

3 850 29.5-54.1 5.5

4 1050 9.57-21.2 0.3

5 4 Mo at 850°F 850 26.1-51.8 4.56

6 8 Mo at 950°F 850 26.4^3.8 2.93

7 4 Mo at 950°F 850 23.7-41.6 2.25

8 1 Mo at 1050°F 850 21.8-41.3 2.05

9 12 Mo at 1050°F 850 22.3-36.4 0.5

10 M 850 29.5-67.5 1.4

11 M 1050 6.8^8.4 0.12

12 L 850 36.5-49.6 5.2

13 L 1050 6.8-22.9 0.2

14 L 8 Mo at 950°F 850 26.2-41.1 1.01

15 L 12 Mo at 1050°F 850 10.4-29.8 0.88

Type

1

3

1

2

2

2

2

1

2

1

3

1

2

2

o
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# 9 reveal this trend for Alloy I. Tempering temperatures seem to have

more effect than tempering time. Tempering for one month at 1050° (#8)

reduced Ze. value to 2.05%, whereas tempering for four months at 850° (#5)

produced a minor reduction to 4.56%. Strain bursts were greatly diminish

ed when a specimen was tempered for 12 months at 1050°F (#9). Similar

trends were found in the tests of Alloy L. It should be noted here that

Ze. of 0.88% was observed in a sample tempered for 12 months at 1050°F.

However, a single strain burst at the highest stress level (29.9 ksi)

accounted for much of the total (i.e., 0.74%). Thus, this sample could

well be categorized as Type 1 in concert with the results of Alloy I tests,

(iv) Under conditions where no strain burst occurred by using 10

lb load increment, 20 lb increment usually triggered a much larger instan

taneous strain. However, the general trend of strian burst appears to be

identical. This stress dependence will be shown later together with

stress dependence of creep rate.

B. Effects of Strain Burst on Creep Properties

The transient creep stage was reduced when a large instantaneous

strain was produced upon a load increment. Figure 11 shows three typical

creep curves from three successive stress levels performed on a single

specimen. Note that the true strain coordinates have the same scales

with shifted origins and the time scale begins at the load increment. A

large strain burst (1.15%) was observed at the beginning of the test at

41 ksi. As Fig. 11 clearly shows, the transient strain was smaller than

those from higher and lower stress curves and the steady state condition

was achieved at a shorter time.
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Figure 11 illustrates another interesting observation related to

strain burst. The steady state creep rate was smaller in a test with a

large strain burst than that of a test without. Apparently, hardening

attributable to strain burst increased the creep resistance. The effect

was widely observed especially between tests with different stress incre

ments. The variations of minimum creep rate with applied stress of Alloy

I samples tested at 850°F are presented in log-log plots of Figs. 12 to

16. For each tempering condition, effects of load increments were eval

uated using 10 and 20 lbs increments. The filled data point indicates

that preceeding instantaneous strain was larger than 0.2%.

The N&T specimens (Fig.12) showed unusual discontinuities in the

a - e curves, as first observed by Chalco et al. ' These discon

tinues were also observed in specimens tempered at 850°F for 4 months

and for 12 months (see Figs. 13 and 14). When strain bursts were small

under the condition of 10 lbs load increment, the a - e curves were normal;

that is, the stress exponent is high at high stresses and is 4 to 6 at

lower stresses. With the occurances of strain bursts, the strain rate was

reduced at a given stress level. These results indicate that the unusual

discontinuities in the o - e curves are closely related to strain bursts.

When tempering temperature was increased to 950°F and 1050°F, the

magnitude of strain burst was reduced with 10 lb load increments, but was

nearly unchanged with 20 lb load increments. In both cases, however, no

unusual discontinuity in the a - e curves was observed as shown in Fig. 15

and 16. This discrepancy, possibly of microstructural origin, cannot be

understood presently.
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The frequent recurrence of strain bursts reduces the creep rupture

life if the rupture strain remains unchanged. This effect is shown in two

creep curves in Fig. 17. Samples of Alloy LL, which has carbon content of

0.007% were employed in the N&T condition. Load of 180 lbs was applied to

both specimens corresponding to the initial stress of 42 ksi. Specimen A

was subjected to the constant load throughout the test, while a 20 lb

additional weight was added for a period of 10 sec. to specimen B every 48

hours. The creep tests were conducted at 850°F. As expected, the rupture

life was reduced. Note that the sum of strain bursts due to overloading

contributed 89% of the rupture strain.

Commercial 2-1/4 Cr-lMo steels have a typical carbon content of

0.12%, which corresponds to that of Alloy H in this study. Available

data indicates that such a steel decarburizes to a carbon level of 0.02%

in thirty years time at 965°F under the operating environment of LMFBR

(19)
heat exchangers. Since strain burst is absent in Alloy H within the

service temperature range the occurance of possible damages from over

loading spikes of 10 to 20% during the early stage of service life is

remote. Meanwhile, microstructures will be stabilized progressively

during long time exposure at service temperature, which again tends to

eliminate the strain burst phenomenon even though the carbon contents

are lowered. Therefore, it appears that strain bursts observed in the

present study does not pose potential problems for the structural appli

cations in LMFBR.

Attempts are now being made to find the possible mechanism

governing the strain burst phenomenon. Since this appears analoguous to



414

strain aging observed during tensile tests, high temperature tensile tests

will be conducted after initial creep deformation. Results of transmission

electron microscopy and specimen surface examination before and after a

strain burst will also be reported later.
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8.1 INTRODUCTION

8. GENERAL ELECTRIC COMPANY

K. D. Challenger

The principal objective of mechanical properties testing at the

General Electric Company is to characterize the behavior of 2%Cr-lMo and

austenitic stainless steels in sodium environments relevent to LMFBR

steam generators and intermediate heat transport systems. Under

conditions predicted-for the intermediate sodium system of the CRBRP,

2%Cr-lMo will lose carbon to the system and be weakened. The carbon will

tend to carburize and embrittle stainless steel components in other

portions of the system. The effects of a carburizing environment on

creep rupture properties of Type 316 stainless steel will be evaluated

along with an assessment of creep-fatigue interactions. In addition,

studies of fatigue crack propagation rates in carburizing sodium will

be performed in order to assess environmental effects under pertinent

intermediate sodium loop loading conditions. The loss of carbon from

2%Cr-lMo steel components can result in increased creep rates of the

decarburized surface layer with the possibility of ratchetting under

cyclic straining. These effects will be evaluated for base metal and

weld metal in a decarburizing sodium environment. Elastic-plastic

fracture mechanics methods, including J-Integral and Crack Opening

Displacement (COD) are being employed to determine the toughness (K_ )

of 2%Cr-lMo steel at relevant temperatures and to compute the critical

flaw sizes for the onset of rapid fracture. The effects of welding

procedure, flaw location and thermal aging are being evaluated. The

effect of melting practice and heat treatment on the mechanical behavior

of 2%Cr-lMo is being evaluated to confirm that the properties of

consumable remelted 2%Cr-lMo meet the appropriate requirements of the

ASME B&PV Code for LMFBR steam generators.

417
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8.2 MECHANICAL PROPERTIES OF STAINLESS STEEL IN CARBURIZING SODIUM

8.2.1 Fatigue Crack Growth Studies - J. F. Copeland/J. L. Yuen

The objective of this program is to determine the environmental

influence of liquid sodium on the fatigue crack propagation rates for

annealed Type 316 stainless steel and weldments. To be prototypic of

expected LMFBR Intermediate Heat Transport System (IHTS) piping

conditions, this testing is being done at low frequency (about 0.5 cycles

per minute (cpm) and at 510°C[950°F]). Additionally, the existence of

a high carburizing potential in the liquid sodium environment is a

distinct possibility.1 Since the exact carburizing potential of the

IHTS sodium has not been determined, this experiment is being run under

the most severe conditions, of carbon-saturated sodium. The use of

carbon-saturated sodium also allows the acceleration of carburization in

order to represent design life conditions with a relatively short-term

test. Control tests in air are also being performed under the same

loading conditions, in order to truly discern environmental effects.

These results will show whether or not penalties or allowances for

crack growth in secondary system sodium are required or warranted.

ASTM E399, 12.7 mm. (0.5 in.) thick, 3-point bend specimens were

machined from annealed 15.9 mm. (5/8 in.) Type 316 plate1 and fatigue

precracked. Specimens to be tested in air were aged at 510°C(950°F) for

1000 hrs. in air. Those to be fatigued in high carbon sodium were pre-

exposed in Loop A sodium with a Grade 1050 carbon steel source at 510°C

(950°F) for 1000 hrs. The carburization incurred by these specimens

during sodium pre-exposure is shown in Figure 8.1, and is typical of that

anticipated1 for a 30-year LMFBR design life with a 2%Cr-lMo steel carbon

source.

Fatigue crack growth tests were performed in air and flowing, high

carbon sodium in two specially designed fatigue test facilities.1 Three

tests could be run concurrently in each facility. After loading for an

estimated number of cycles, the specimens were withdrawn and examined for

crack growth. When the crack growth approximated 0.76 mm. (30 mils) the

specimen was fractured to accurately measure crack growth. The crack
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growth rate was computed from the ratio of crack extension to cycles.

The stress intensity factor range (AK) was calculated at half the crack

extension. Recently, a binocular microscope was employed to measure

the crack growths, and a revised set of crack growth rates and stress

intensity factors were calculated. The majority of the results were

within + 15% of the previously reported data. However, there were

several specimens where the measurements yielded crack growth rates that

differed by approximately 50%. The control air and sodium results are

shown in Figure 8.2 and are compared to other data.2'3'1"5 The revised

control air data is in good agreement with the air data of HEDL and NRL.

More tests will be run to determine the crack growth behavior under

hold time and high stress ratio (R) conditions. Two sodium runs were

completed this quarter. The first run evaluated the effects of zero

hold at 0.5 cpm, the same as last quarter, but in an environment that

had a higher carburizing potential. The reference TP 304S.S. foil

monitors showed a much higher degree of carburization than the previous

run. The results were lower than the air results, but higher than the

427°C(800°F) and 600°C(1112°F) of HEDL and CEGB. The second run in

sodium, at Q. 33 cpm, investigated the effects of 1) precarburizing the

precrack crevice under load and testing with a hold time, 2) precar

burizing the precrack crevice under load and testing with no hold time,

and 3) precarburizing the precrack crevice with no load and testing
with a hold time. The results, surprisingly, agree more closely with

the carbon sodium results of HEDL and CEGB. A possible explanation

could be crack tip blunting during the preload and hold times, which

would retard crack growth. The reference foil monitors indicated an

even higher carburizing potential of sodium than the previous run. These

results indicated only a slight carhurization effect, however, at the

lower crack growth rates, where the environment is expected to have its

greatest effects. Additional runs under the above conditions are

required to define the crack growth behavior. Preliminary electron

microprobe analysis of a sodium specimen (pre-exposed with no load)

indicated that the degree of carburization of the crevice crack surfaces

decreased rapidly from the machined chevron notch towards the crack tip.

The surfaces near the crack extension zone did not show any significant
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increase in the bulk carbon concentration, 0.06 wt%. A large percentage

of the carbon in the sodium was probably removed by the relatively

uncarburized surfaces of the crevice crack nearest the machined chevron

notch; consequently, the sodium near the advancing crack front contained

less carbon than anticipated. The carbon pick-up by the relatively

uncarburized surfaces of the crevice crack may limit the effective

carburized zone for a given crack opening. Flat annealed Type 316

stainless steel bars stacked at different openings (Figure 8.3) will

be used to investigate the crack depth to opening ratio limitation of

carburizing a crevice crack. Future testing may include slower cycle

rates, the influence of load waves with hold times, and the effect of

higher R values. Additional bend specimens fabricated from base metal

and GTA weldments have been precracked. Machining of further bend

specimens from the remaining GTA weldment has also been initiated. The

pre-exposure of the control air specimens has begun. The control air

test rig has been modified to apply a load wave with a high stress ratio,

R, (where R = minimum stress/maximum stress) so that the crack tip will

always be open to some extent. This situation is more realistic since

some mean stress will always be present in the sodium piping. A control

run in air to evaluate peak load hold time effects at high and low AK's

and to determine the influence of an R value of 0.4 has been initiated.

The sodium test rig will also be modified to perform high R tests.

Emphasis during the next quarter will be on the testing of Type 316 weld

ment specimens.

8.2.2 Creep Investigation - P. P. Pizzo

The influence of carburization on the creep behavior of 316 H stain

less steel is being investigated. Tubular creep specimens have been pre

pared for the second phase of testing. Two test matrices have been

developed for this program and are presented in Table 8.1 and Table 8.2.

Table 8.1 describes the creep test matrix for specimens strained at 510°C
-3 -1

(950°F) under an initial strain rate of 10 S prior to creep testing.

Variation in creep properties as a function of pre-strain and exposure will

be used to identify potential environmental influence. Six specimens,
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TABLE 8.1

CREEP TEST MATRIX FOR PRE-STRAINED SPECIMENS

Material:

Specimen Configuration:

Creep Test Parameters:

Type 316 H Stainless Steel
Solution Annealed

.Tubular Creep Specimen

T = 510°C (950°F)

CT = 377 MPa (54.7 Ksi)

Pre-Exposure Conditions

Specimen
Design

Temp./Time
(°C/hrs.)

Environment

(I.D./O.D.)

C-26 510/1000 Ar/Air

C-34 510/1000 Na/Air

C-27 510/1000 Ar/Air

C-33 510/1000 Na/Air

C-30 510/1000 Ar/Air

C-32 510/1000 Na/Air

Specimen Pre-Strain Creep Test
(a)

u

35

34

52

46

85

90

Environment

mm/mm) (I.D./O.D.)

.065 Ar/Air

.064 Na/Air

.098 Ar/Air

.085 Na/Air

.159 Ar/Air

.168 Na/Air

(a) eu = the strain corresponding to U.T.S. (at 510°C, 10~3S-1) determined
from hot tensile test of a 1000 hour, carbon saturated sodium exposed
specimen.

(b) Specimens pre-strained after 1000 hour/510°C exposure.

(c) All specimens cooled under load control conditions from pre-straining
operation.

(d) Creep tests to be initiated at 377 MPa.

(e) All sodium exposures are carbon saturated (1095 steel spring wire
source).
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TABLE 8.2

CREEP TEST MATRIX; MONOTONIC STRESS TESTS

Material: Type 316 H Stainless Steel
Solution Annealed

Specimen Configuration: Tubular Creep Specimen

Test Temperature: T = 510°C/950°F

Pre-Exposure Conditions

Applied
Stress

377 MPa

Loading
(mm/mm)

Specimen
Design

Temp./Time
(°C/hrs.)

510/1000

Environment

(I.D./O.D.)

Ar/Air

Initial

Case Depth

C-29 .053 —

C-3 510/1000 Na/Air 377 MPa .025 lOOym

C-28 510/1000 Ar/Air 446 MPa .145 —

C-36 510/1000 Na/Air 446 MPa .069 lOOym

(a) All sodium exposures are carbon saturated (1095 steel spring wire
source).
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three exposed to carbon saturated sodium (510°C for 1000 hours) and three

control (argon exposed at 510°C for 1000 hours), have been pre-strained

to the levels indicated in the table. Specimens C-30 and C-32 are being

readied for creep testing.

Four tubular specimens will undergo monotonic creep testing per the

conditions established in Table 8.2. These specimens have also been

pre-strained, but to a load equivalent to that necessary to achieve the

applied stress listed in the table. The specimens were cooled under

constant load conditions, and the strains tabulated in Table 8.2 represent

the plastic strain upon loading for the respective creep tests. Specimens

C-28 and C-36 are being prepared for creep testing during the next quarter.

In order to establish the criterion for pre-straining, Table 8.1, the

elevated temperature properties of carburized and control tubular creep

specimens were determined. Tensile curves for carburized and control
-3 -1

specimens tested at an initial strain rate of 10 S are presented in

Figure 8.4. The argon control curve is found to exhibit a slightly

greater 510°C (950°F) yield stress (176 MPa versus 153 MPa) and a lower

U.T.S. (472 MPa versus 578 MPa) than the carburized specimen. The strain

to failure is essentially equivalent for both conditions. Scanning

electron microscopy revealed ductile transgranular fracture in both cases,

with the argon control specimen exhibiting a similar reduction in area

(73%) to that of the carburized specimen (62%).

A slightly lower (0.2%) Y.S. for the carburized specimens is

substantiated in data obtained during the pre-straining of specimens

identified in Tables 8.1 and 8.2. These data are presented in Figure 8.5.

Attention to the scale of this figure indicates the sensitivity of the

offset yield stress determination to the assumed modulus and to data

scatter. The modulus plotted is the 510°C modulus of 300 series stainless

recently reported by Hammond.6 Carburized stainless may be predicted to

exhibit a higher modulus as stiff chromium carbide particles are a signi

ficant constituent of the carburized case. This would, however, tend to

produce an even lower yield stress value for the carburized data. The

yield stress of 176 MPa for the 1000 hr./510°C exposed control specimen

is comparable to a yield stress of 170 MPa measured for the as-recieved

alloy.
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The yield stress for the carburized stainless steel may best be

termed an "apparent" yield stress. The extension at a given load for

strains less than .005 are made up of intrinsic and extrinsic deflections.

Extrinsic deflections are associated with microcracks distributed along

the carburized case. These microcracks are characterized within this

report, and they indeed may be responsible for the variation in tensile

data observed in Figure 8.5.

The tensile properties of 316 H stainless steel tubular specimens

investigated in this program are summarized in Table 8.3 The following

trends are observed in the data;

1. The yield stress (0.2%) and the ultimate tensile stress at 510°C

(950°F) are relatively unaffected by the 1000 hour pre-exposure.

2. The total specimen elongation is approximately halved by the

1000 hour pre-exposure, while the reduction in area is doubled.

3. Carburization decreases the "apparent" yield stress; however,

the U.T.S. and the flow stress over a broad strain range are

significantly increased (23% increase in U.T.S.).

4. The specimen elongation and reduction in area for carburized

and control specimens are essentially equivalent.

The above data suggest that carburization affects the 510°C (950°F)

tensile properties of 316 stainless steel up to the point of plastic

instability. However, instability is reached at the same strain. The

reduction in area is equivalent, and scanning electron microscopy con

firmed that similar fracture processes occur in both the control and

carburized specimens. No evidence of the lOOym carburized case could be

detected in the fracture topography. The lOOym case has been found not

to affect the hot tensile fracture behavior.

The data of Table 8.3 indicate that instability conditions and

fracture processes are influenced by thermal aging. The argon environ

ment of the 1000 hr. exposed specimen may contribute to the measured

differences in %E1. and %R.A.; however, thermal aging is believed to be

the principal factor. In another study, 316 stainless steel aged at
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TABLE 8.3

TEST MATERIAL CHARACTERIZATION - TENSION TESTS

Type 316 H Stainless Steel

h Schedule 80 Pipe Stock

Tubular Creep
(a)

Specimens

0 2%

R.A.(C)

2d

Y S. U.T S. El.

(%)MPa Ksi MPa Ksi (%)

Unexpos*

22°C 272 39.4 623 90.4 50.0 55

(72°F)
300 43.5 612 88.7 44.0 46

510°C 173 25.1 479 69.4 28.5 36

(950°F)
166 24.0 491 71.2 32.5 37

Pre-exposed

Case

Depth
Temp.

510°C 176 25.5 472 68.5 17.8 73

lOOym 510°C 153 22.2 578 83.8 18.6 62

(a) 8.6 mm. (0.34 in.) O.D. X 0.51 mm. (0.020 in.) wall X 50.8 mm. (2 in.)
gage, approximate dimensions.

(b) Exposed at 510°C for 1000 hrs. in either (Argon/Air) or (Carbon
Saturated Sodium/Air), (I.D./O.D.)

(c) All fractures ductile transgranular.



431

510°C (950°F) exhibited a nominal 20% reduction in both %El. and %R.A.6
Thus, the data of this investigation exhibit somewhat anomalous behavior.

The observed trend in ductility of the tubular specimens as a function of

aging treatment is not understood, and it will receive further attention.

To date, several tubular creep specimens have been exposed to carbon

saturated sodium. The following data characterize the resulting carburized

case. Data are obtained from the 0.46 mm (18 mil) thick wall along the

gage length of the tubular creep specimens unless otherwise stated.

Table 8.4 is a summary tabulation of data defining the depth of

carburization. Bulk carbon content and the depth of carburization are

presented as a function of increased 510°C (950°F) exposure. The

following trends are evident;

1. The bulk carbon content increases from 0.056 wt.% for the as

received alloy, to 0.326 wt.% carbon after an accumulated

exposure of 3322 hours at 510°C (950°F).

2. The carburized case, as revealed by metallography (Glyceregia

reagent), increases from a mean value of 70ym and standard

deviation of 20ym for exposure between 1000 hrs. and 2000 hrs.,

to a mean value of lOOym and standard deviation of 7ym for

total exposures between 2000 and 3000 hours.

3. A sharp transition from intergranular-to-transgranular fracture

was detected on ruptured specimens by scanning electron

microscopy. The intergranular fracture zone, measured from the

specimen I.D. is found to penetrate the sample 120ym with a

standard deviation of 32ym for total exposures lying between

1000 and 2000 hours. For accumulated exposures between 2000

and 3000 hours, intergranular fracture extends a mean distance

of 150ym, and standard deviation of 40ym.

In summary, a sustained carburization potential has been confirmed

for conditions established in this investigation. Static sodium,

containing a 1095 carbon steel source, continues to provide carburization

conditions for 316 stainless steel for exposures totaling 3000 hours.

At 510°C (950°F), metallographic examination revealed a carburized case



TABLE 8.4

DEPTH OF CARBURIZATION OF 316 H STAINLESS STEEL EXPOSED TO CARBON SATURATED SODIUM

316 H Stainless Steel Tubular Creep Specimens

Specimen
Designation

As Received

Condition

C02

C08

C16

CU

C07

C06

C15

C12

C09

C13

C18

Cll

C19

(f)
Exposure

Environment

(I.D./O.D.)
510°C (950°F)
Pre-Exposure

510°C (950"F)
Test Exposure

(a)

Intergranular-
Carburized Case to-

510°C (950°F) 0.46mm. (18 mil) Wall Depth (Optical. . Transgranular
Total Exposure Bulk Carbon Metallography)^ ' TransitionW

Ar/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

Na/Air

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

1000 hrs.

< 1 hrs.

< 1 hrs.

5 hrs.

423 hrs.

428 hrs.

680^ hrs.

842 hrs.

904 hrs.

917 hrs.

1535 hrs.

1860 hrs.

2108 hrs.

2322 hrs.

0 hrs.

1000 hrs.

1000 hrs.

1005 hrs.

1423 hrs.

1428 hrs.

1680 hrs.

1842 hrs.

1904 hrs.

1917 hrs.

2585 hrs.

2860 hrs.

3108 hrs.

3322 hrs.

0.056 vt.X

0.061 wt.%

0.187 wt.%

(b)

(b)

0.252 wt.%

0.252 wt.Z

(b)

(b)

(b)

(b)

(b)

(b)

.326 wt.Z

NOTES: (a) Test exposure is equivalent to the time-to-rupture of the first phase creep experiments.

(b) Data point not obtained.

(c) Depth determined by optical microscopy. Clyceregla reagent used to etch carburized case.

(d) Determined by scanning electron microscopy of the fracture surface.

(e) Transgranular ductile fracture; carburized case not evident in fracture topography.

(f) All sodium exposure, carbon saturated (1095 cteel spring wire source).

0pm

(b)

51pm

51pm

100pm

60pm

65pm

79pm

76pm

102pm

102pm

94pm

110pm

(b)

0pm

0pm

150pm

152pm

130pm

115pm

100pm

67pm

100pm

166pm

133pm

200pm

(e)

(e)

N3
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of about 76ym (or 3 mils) for exposures ranging from 1000 to 2000 hours.

However, such specimens indicate an effective carburization zone influence

of 120ym, or about 5 mils. This gives a ratio of effective zone width

to apparent width of 1.6. When the exposure approaches 3000 hours at this

temperature, the apparent zone width increases to lOOym (4 mils) and the

ratio of effective to apparent width is found to be 1.5.

A typical carburization zone on the I.D. of a tubular creep specimen

is indicated in Figure 8.6a. Heavy staining adjacent to the sodium/steel

interface is characteristic of specimens etched with Glyceregia. Further

into the metal, this reagent selectively highlights slip bands within

the carburization region. These slip bands are present within the dark

zone adjacent to the Na/metal interface as indicated in SEM, Figure 8,6b.

Slip bands containing a high density of carbide precipitates have been

noted in both strained and undeformed carburized specimens and

are believed to be associated with the volume expansion accompanying

carburization of the stainless steel. Although the matrix grains beyond

the slip band region are relatively unattacked by the Glyceregia reagent,

grain boundaries beyond this region are preferentially etched. At 510°C

(950°F), grain boundary and pipe diffusion of carbon is much greater than

diffusion through grains. The characteristics of the carburized region,

slip band and grain boundary etching, are believed associated with this

diffusion mechanism. Carbide particules precipitated along these

defects, result in preferential etching. The fracture transition depth

determined by scanning electron microscopy has been shown to be greater

than the "apparent" carburization depth, and this transition may best be

correlated with the extent of distinct grain boundary etching.

An alternate means of quantifying the carburization profile in

stainless steel is to measure the microhardness profile. Charnock, et.al.7

and Charnock and Ball8 demonstrate that the microhardness profile in

316 stainless steel can be used to assess the degree of carburization.

The hardness profile was found to extend about 2 times the penetration

metallographically determined. Specimens of the present investigation

were similarly evaluated; the results are plotted in Figure 8.7.
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Specimen C-13 was a carburized creep specimen which failed in 2585 hours.

Specimens C-22 and C-25 are both Ar control specimens, creep tested and

hot tensile tested, respectively. Important comparisons are made within

this figure;

1. Increased hardness is observed to extend to about twice the case

depth determined from optical microscopy.

2. The hardness profile of unstrained material is uniformily raised

after deformation.

3. The incremental increase in the lower shelf of the hardness

profile is similar for carburized and control specimens,

irrespective of whether the sample is strained under creep and/or

hot tensile conditions.

The results of the microhardness survey are in good agreement with

concurrent carburization studies.7'8 Equivalent microhardness of the

316 H base metal, tensile and creep tests at 510°C (950°F) is to be expected

since work hardening mechanisms dominate the mechanical behavior of 316

stainless steel at this temperature. As recovery mechanisms become more

competitive at higher test temperatures, the matrix hardness of creep

tested specimens would be expected to lie below that of hot tensile

tested specimens.

An electron microprobe analysis of 1000 hour/510°C (950°F) carburized

stainless steel,previously reported,6 is included as Figure 8.8 for

comparison purposes. The microprobe carbon profile compares favorably

with the microhardness, optical, and SEM carburization zone results.

Table 8.5 is a comparison of the fracture characteristics of carburized

and control tubular tensile specimens. Optical metallographic and SEM

analysis techniques were used to identify the fracture mode and fracture

topography of failed test specimens. The data indicate that fast fracture

at 510°C (950°F), !>10"3S-1, is ductile. Under such conditions, no
evidence of the approximate lOOym case was detected in the fracture.

o _q _i

Under slow deformation conditions, e < 10 S , fracture processes are

affected by the carburized case. Fracture is intergranular within the

case, propagating along facets oriented perpendicular to the direction
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TABLE 8.5

A COMPARISON OF THE FRACTURE CHARACTERISTICS OF CARBURIZED AND UNCARBURIZED SPECIMENS

316 H Stainless Steel Tubular Creep Specimens

T = 510°C (950°F)

Test Mode Approximate Strain Rate

Hot Tensile io-V1

Hot Tensile
-3 -1

10 JS

Creep(a) -2 -1
>10 S

Creep(a) -2 -1
>10 S

Creep
-9 -1

<10 S

Creep
-9 -1

<10 S

Pre-Exposure
(I.D./O.D.) R.A.(%)

Ar/Air 73

Na/Air 62

Ar/Air >90

Na/Air >90

Ar/Air 65

Na/Air 47<b>

Fracture Mode/Topography

Transgranular/Flat

Transgranular/Flat

Ductile/Chisel Point

Ductile/Chisel Point

Transgranular/Flat

Intergranular Lip on I.D. to
Transgranular Shear

(a) Specimen failed upon first half-cycle of creep fatigue test program (P+AP loading)

(b) Standard deviation of 12% on 5 observations

u>
oo
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of principal loading. Fracture through the remaining ligament, however,

was transgranular, and grain deformation within the uncarburized

material adjacent to the fracture region indicates extensive ductile defor

mation. Control specimens tested at 510°C (950°F) under similar slow
o -9 -1

conditions (e < 10 S ) failed in a ductile transgranular manner.

The scanning electron micrographs of Figure 8.9 compare the fracture

topography of control specimens tested under hot tensile (Figure 8.9a)

and creep (Figure 8.9b) test conditions. The topography is similar.

More extensive microvoid coalescence is noted in the creep fracture.

The fracture characteristics of the control specimen, Figure 8.9a, are
o _9 _i

identical to those of the carburized specimen tested at e < 10 S

(reference Table 8.5).

In Figure 8.10, the fracture profiles of carburized specimens tested

at two strain rates, e> 10~2S-1 (Figure 8.10a) and e< 10" S- (Figure
8.10b), are compared. Both argon control and carburized specimens failed

in the chisel point mode under rapid test conditions, Figure 8.10a.

However, the variation in fracture characteristics under creep conditions

is distinct. Figure 8.9b and Figure 8.10b provide this comparison.

The transition between intergranular and transgranular fracture modes,

used to establish the effective carburization depth for specimens of this

investigation, is clearly identified in Figure 8.10b. This transition

as revealed by scanning electron microscopy, is presented in

Figure 8.11.

Intergranular fracture in the carburized case has its origin in

microcracks developed upon loading and/or during deformation. Typical

microcracks are characterized in Figure 8.12. These microcracks are

intergranular in nature, and initially are discontinuous. Scanning

electron microscopy of these cracks (Figure 8.12b) reveals "untorn

ligaments" between open voids. These microcracks may develop as a result
of microvoid coalescence about carbide precipitate particles distributed

along grain boundaries within the carburized case. Kirman found that

local precipitation of MgZn„ in the grain boundaries of 7000 series

aluminum alloys can lead to ductile intergranular fracture, where micro-

voids are present on the individual grain facets. Such a mechanism would
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explain the strain rate sensitivity of fracture mode observed in the study

and reported by other investigators.10 Gage sections of the carburized

specimens tested in the first phase of this investigation were examined,

and the size and distribution of microcracks were determined. The

results of this analysis are presented in the histogram of Figure 8.13.

Although there is a wide scatter in the data, specimens sampled were

found to contain microcracks ranging in depth from 10 to 50ym. In isolated

regions, microcracks equivalent to the metallographically determined case

depth were found. Typical crack density along a longitudinal section

was found to be 4 mm or about one grain boundary crack for every six grain

boundaries intersecting the carburized surface.

In summary, the carburized case resulting from the carbon-saturated

sodium pre-exposure selected for this investigation has been characterized.

Metallographic, microhardness, microprobe and fractographic techniques

have been used to determine the effective carburization case depth with

respect to influence on mechanical behavior. The effective carburization

case depth is approximately 120ym (or 5 mils) for 510°C exposures ranging

from 2000 to 3000 hours. This effective case is best correlated with

grain boundary precipitation extending approximately 1.5 times the depth

of carburization metallographically determined. Microcracks present along

the gage extend approximately 45ym (or 2 mils) into the carburized case.

Although a high density of microcracks are present within the carburized

case, sustained carburization during slow deformation tests at 510°C only

results in a general deeper penetration of the carburized case. Micro

cracks act only as perturbations in sample geometry and do not influence

the point of sample instability. At Instability, the

deepest penetrating and/or most dense case cracks propagate along grain

boundaries where a high density of carbide precipitates are present as

a result of enhanced grain boundary diffusion at 510°C. Outside the carburi

zation region, ductile/transgranular fracture is favored, and a transition

in fracture mode results. There is no evidence in the current investigation

that sustained carburization will accelerate the propagation of cracks
o _q _i

under slow deformation (e < 10 S ) conditions. These results are

consistent with observations made in recent CEGB studies.11 The current

creep program has been designed to ascertain whether this is indeed the

case.
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8.3 DECARBURIZATION KINETICS AND DESIGN METHODS VERIFICATION TESTING
P. P. Pizzo/L. V. Hampton/J. L. Krankota

8.3.1 Background

The selection of 2%Cr-lMo steel as the reference alloy for sodium-

heated steam generators was based primarily upon its immunity to stress

corrosion cracking in chloride or caustic contaminated environments, and

its proven fabricability. One of the major concerns with the use of this

material for sodium applications is its susceptibility to decarburization

during service. Early analyses assumed that relatively thin sections,

such as steam generator tubing, would completely decarburize during the

LMFBR lifetime, with concomitant severe design stress penalties necessarily

imposed. In addition to the assumed carbon losses, the potential for

severe carburization of stainless steel components in the loop was also

recognized as a potential difficulty.

In the absence of an acceptable theoretical model for decarburization

of 2%Cr-lMo steel, an approach introduced by Armijo and Krankota12 was

used to analyze the results obtained from many different experiments.

This technique treats carbon loss data as if it were corrosion data; that

is, the loss of carbon per unit area is described as a function of time.

A parabolic time dependence has been observed which suggests that the

decarburization process is diffusion controlled. The decarburization

rate constants, K*, from all available data were fit to an Arrhenius type

expression for design use. Estimates of carbon loss and associated design

*Where K is defined by:

K =

c
gm

2 h
cm - sec

hM=(-f-) =Kt
cm



447

stress penalties can be made for steam generator components. These predic

tions of decarburization kinetics indicate that steam generator tubes would

not be expected to lose more than 300 ppm carbon in the design life of the

CRBRP. Only a small design stress penalty (<10%) is associated with this

loss.

Design analysis for high temperature components requires a considera

tion of creep/fatigue interaction to accomodate the effects of transient

loading. A recent study has provided creep/fatigue interaction information

for 2J«Cr-lMo13 under conditions of uniform microstructure (i.e. no decar

burized surface layer) with no ratcheting strains permitted. Steam

generator tubes will experience cyclic loading with the potential to

accumulate ratcheting strains, due to a weaker surface layer, as compared

to the bulk metal. Interrupted creep tests on 2%Cr-lMo pipe, tubing and

weld metal are being undertaken to assess the effects of such loading on

partially decarburized material. Uniaxial tests will be performed on

sodium-filled and inert gas-filled pipe samples in order to characterize

the effect of stress cycling on creep strains. Tubing and all-weld-metal

tubes will be internally pressurized in sodium and argon environments to

assess the effects of creep/fatigue on rupture life in a decarburizing

environment. Description of the samples, test facilities, and test matrix

is included in earlier reports.1"'15'19

8.3.2 Decarburization Studies

Current testing in the decarburization pot will yield data showing

the effect of heat treatment variables on the decarburization kinetics of

electroslag remelted (ESR), vacuum-arc remelted (VAR) and extra-low carbon

(ELC) 2%Cr-lMo. Pot conditions remain the same as with previous runs, i.e.,

510°C (950°F) static, titanium-gettered sodium. Foil specimens approxi

mately 0.3 X 10 X 80 mm (0.0118 X 0.394 X 3.15 in.) were given the range of

heat treatments listed in Table 8.6. Such treatments lead to a variety of

microstructures, and possibly different decarburization rates

in sodium. The effect of heat treatment on the carbon transport properties

of 2%Cr-lMo has recently become a well-documented phenomenon. ' ' The

current study limits the heat treatments to those that produce the range of
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microstructures that may be present in the Clinch River Plant steam

generators. In addition, the more subtle effect of melting practice on

the decarburization rate of 2%Cr-lMo in sodium is being studied. The test

matrix for this phase of the decarburization study calls for exposure times

of 1500 (DP-9), 6000 (DP-10) and 10,000 (DP-11) hours for each of the material

treatments listed in Table 8.6.

Run DP-9 (1500 hours) has been completed, yielding the first carbon

loss data for this series of experiments. Carbon analyses for this run

have not yet been completed so the results will be reported at the next

quarter.

Additional specimens were added to the pot for run DP-10 (4500 hours),

due for completion in mid-December 1976. Included in this run will be

ESR and VAR prototypic tubing material and 2%Cr-lMo weld material.

Extensive testing of 2%Cr-lMo tubing materials in both static and

flowing sodium systems is planned for the coming fiscal year. As

reported in the last monthly report (No. 16: May 1976), specimens of

prototypic ESR and VAR 2%Cr-lMo tubing were shipped to Atomics Inter

national for attachment to the shrouds of both the evaporator and super

heater modules (at sodium inlet and outlet regions) of the Few Tube

Test Model. Also included for shroud attachment were reference heats of

Alloy 800H (HH7055A) and 316 stainless steel (8092297) along with ESR and
air-melted 2%Cr-lMo and 304 stainless steel specimens. These specimens

will remain in the FTTM for ^ 3 years, at which time the tubing will be

analyzed for carbon gradient determination. Those tubular specimens

included in the static pot for exposure will be retrieved after runs

DP-10 and DP-11, and carbon gradient determinations will be made by

precision machining of surface layers.

8.3.3 Mechanical Properties of 2%Cr-LMo Steel in Decarburizing Sodium

The ferritic alloy selected for the secondary loop of the sodium

cooled fast breeder reactor will be subjected to decarburizing conditions

during the design life of the reactor. Sodium-side surfaces will be

depleted of carbon, and a composite structure, with bulk properties inter

mediate to the base alloy and the low-carbon surface region will result.
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TABLE 8.6

TEST MATRIX

HEAT TREATMENT EFFECTS ON DECARBURIZATION

VAR, ESR and ELC* (Sumitomo)

A. Isothermal Anneal

927 + 14°C (1700 + 25°F) % hr.

cool to 716 + 8°C (1320 + 15°F)

in less than 10 minutes, hold

for Jg, 1*, 1% and 2 hrs.*

B. Same as A with PWHT 727°C (1340°F) - 4 hrs.

C. Normalize (Simulate Weld Heat Affected Zone)

927 + 14°C (1700 + 25°F) 1 hr.

Air cool to R.T.

PWHT 727 + 19°C (1340 + 35°F)

for 0, 1, 2 and 4 hrs.

D. Tube samples, VAR and ESR for Carbon Profile Determination

1. Isothermally annealed (as received) 927°C (1700°F)

cool to 707°C (1305°F), hold for 2 hours, air cool.

2. Isothermally annealed and PWHT of 4 hours at 727 + 19°C

(1340 + 35°F).
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The purpose of effort within subtask A is twofold; first, to characterize

the decarburization conditions expected to develop within the 30 year

design life of the reactor, and secondly to quantify the influence of

decarburization on the resultant mechanical behavior. Currently, the

mechanical properties investigation is focused on creep and stress rupture

behavior.

Details of the current mechanical properties investigation have been

previously reported.19 Three test matrices have been developed:

1. Tensile tests of 2%Cr-lMo sheetcoupons at T = 510°C and a rate
—3 —1

of 10 S will be conducted. These tests are designed to

measure the degradation inelevated temperature yield strength

and tensile strength as a function of pre-exposure time in the

specific titanium gettered environment selected for this

investigation. The data of Charnock, Cordwell, Gwyther and

Hobdell15 suggest the importance of correlating mechanical

properties changes with reproducible and consistent carbon

activity excursions. The data from this program will be

correlated with creep property measurements in order to isolate

yield strength reduction in the analysis of creep strength

degradation.

2. Uniaxial creep tests of ESR/2%Cr-lMo steel are being performed

in order to determine the mechanical property variation as a

function of pre-exposure conditions (time at 510°C). Tubular

creep specimens with a 0.76 mm (0.030 in.) wall, decarburized

on the I.D., are being tested. The properties to be evaluated

are; (a) time to rupture, (b) minimum creep rate and, (c) strain-

to-failure. The test matrix is designed to isolate pre-exposure

influence on properties from effects associated with sustained

decarburization potential.

3. Biaxial creep tests of pressure pin specimens are being conduted.

The biaxial creep test program is also designed to determine

property variations as a function of pre-exposure to decarburiz

ing sodium. Rupture data over stresses ranging from 115 to 205 MPa

(16.7 to 29.7 Ksi) are being generated.
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The test matrix for the 510°C tensile test program is presented in

Table 8.7. Tensile coupons have been given a thermal aging treatment,

510°C (950°F) in argon, such that when sodium pre-exposed, an accumulated

1000 hour thermal exposure will result. Respective pairs of coupons are

encapsulated and await the sodium pre-exposure. Capsules will be filled

from a sodium loop with a monitored decarburization potential. The

decarburization potential will be maintained through use of titanium

sponge enclosed within individual exposure capsules. Progress on this

program is dependent on attaining a decarburization potential in the

subject sodium loop, which previously was used in carburization studies.

Hot trapping techniques are being used to getter the system of carbon,

and progress is being monitored with 316 stainless steel, solution

annealed foils. Progress on this program will be reported in the

succeeding GE Quarterly.

The test matrix for the uniaxial creep test program is presented in

Table 8.8. This matrix, previously reported as Table 3.3 in Reference 8,

has been revised on the basis of data on electroslag re-melted (ESR)

2%Cr-lMo steel recently reported.6 Data indicate that ESR material,

annealed and isothermally annealed, exhibits creep properties consistent

with existing Code Case 1592 minimum values for creep parameters pertinent

to this study. The uniaxial creep specimens have been fabricated from

ESR material, isothermally annealed and post weld heat treated, a proces-

ing sequence prototypic of CRBRP steam generator tubing. The revised

stress values reported in Table 8.8 are predicted to yield nominal 1000 hr.

data. The base test plan has been expanded to investigate decarburization

influence at three stress levels, 130 MPa, 150 MPa and 172 MPa. Tubular

specimens are currently undergoing the control exposure (argon at 510°C

[950°F]). The eight specimens requiring subsequent decarburization will

be sodium filled using the sodium loop being adapted for this purpose.

Testing of test specimen (A-19) has been initiated. Subsequent tests will

be performed as specimens become available.

Based on the ESR/2%Cr-lMo steel data, the test plan for the biaxial

creep program has also been revised, and the test matrix is presented in

Table 8.9. However, prior to revision, testing ofpressure pin specimens
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TABLE 8.7

ELEVATED TEMPERATURE TENSILE TEST MATRIX

2%Cr-lMo Steel

Melting Practice - ESR

Isothermal Anneal

Post-Weld Treatment (727°C [1340°F] for 4 hours)

Specimen Configuration: Tensile Coupons (0.76 mm. [.030 in.] sheet)

Test Parameter:

Quantity

2

2

2

2

2

2

2

2

T - 510°C (950°F)

-3 -1
£ • 10 sec (strain rate)

(c)

Pre-Exposure

time Environment (one surface)

0 —

100 Na (Ti Gettered)

200

300

400

500

750

1000

(a) All sodium exposures, titanium gettered.

(b) Test coupons given a 510°C (950°F) aging treatment in argon prior to
sodium pre-exposure such that an accumulated 1000 hour total thermal
exposure is attained prior to testing.

(c) 0.76 mm. (.030 in.) removed from one face of the initially 1.52 mm.
(.060 in.) thick coupons.



Material:

Specimen Configuration;

Test Parameters:

TABLE 8.8

UNIAXIAL CREEP TEST MATRIX

2%Cr-lMo Steel
Electroslag Remelted
Isothermal Anneal

Post-Weld Heat Treatment (727°C [1340°F] for 4 hours)

Tubular Creep Specimen

T - 510°C (950°F)

Exposure History
Quantity

1

1

1

3

1

1

1

1

1

1

Control Exposure Decarburization Exposure
Test

Environment

(I.D./O.D.) Creep Stress

Ar/Air 150 MPa (21.7 Ksi) £
Ar/Air 150 MPa (21.7 Ksi)

Na/Air 150 MPa (21.7 Ksi)

Na/Air 150 MPa (21.7 Ksi)

Ar/Air 150 MPa (21.7 Ksi)

Na/Air 150 MPa (21.7 Ksi)

Na/Air 130 MPa (18.9 Ksi)

Ar/Air 130 MPa (18.9 Ksi)

Na/Air 172 MPa (25.0 Ksi)

Ar/Air 172 MPa (25.0 Ksi)

time Environment (I.D./O.D.) time Environment (I.D./O.D.)

0

750

750

500

1000

0

500

1000

500

1000

Ar/Ar

Ar/Ar

Ar/Ar

Ar/Ar

Ar/Ar

Ar/Ar

Ar/Ar

Ar/Ar

0

250

250

500

0

1000

500

0

500

0

NOTE: This is a revision of Table 3.3 of GEAP-14029-7

Na/Ar

Na/Ar

Na/Ar

Na/Ar

Na/Ar

Ar/Ar

Na/Ar
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TABLE 8.9

BIAXIAL CREEP TEST MATRIX

2%Cr-lMo Steel

Speci

Test

men

Pars

ity

Configuration:

imeter:

Pre-

Melting Practice-ESR
Isothermal Anneal

Pressure Pin Spcimens

T = 510°C (950°F)

•Exposure

Environment (ID/OD

Ar/Na
Ar/Na
Ar/Na
Ar/Na
Ar/Na

Stress

Quant

2

2

2

2

2

Time

0

0

0

0

0

Environment (ID/OD) Test MPa

205

172

145

130

115

(ksi)

(29.7)
(25.0)
(21.0)
(18.9)
(16.7)

Ol

•p-

2

2

1000

1000

Ar/Ar
Ar/Ar

Ar/Na
Ar/Na

172

130

(25.0)
(18.9)

2

2

2

250

500

1000

Ar/Na
Ar/Na
Ar/Na

Ar/Na
Ar/Na
Ar/Na

172

172

172

(25.0)
(25.0)
(25.0)

2

2

2

250

500

1000

Ar/Na
Ar/Na
Ar/Na

Ar/Na
Ar/Na
Ar/Na

130

130

130

(18.9)
(18.9)
(18.9)

2

2

2

4

4

1000

1000

1000

0

0

Ar/Na
Ar/Na
Ar/Na

Ar/Na
Ar/Na
Ar/Na
Ar/Ar
Ar/Ar

205

145

115

172

130

(29.7)
(21.0)
(16.7)
(25.0)
(18.9)

NOTE: (a) All Na exposures titanium gettered.(b)This is a revision of Table 3.4 of GEAP-14029-7
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was begun. Three specimens, T05, T07 and T17 were tested. Specimens T05

and T07 were exposed to Ti-gettered sodium at 510°C (950°F) for 250 hours

and 500 hours, respectively, prior to testing. Specimen T17 had been

exposed 1000 hours at 510CC (950°F) in argon prior to testing. A fourth

specimen, T04, was included in the run (unpressurized) in order to obtain

a 1000 hour sodium pre-exposed pressure pin.

Tests of specimens T05, T07 and T17 were initiated at an equivalent

stress of 210 MPa (30.5 Ksi). Rupture times were 49, 62 and 173 hours,

respectively. Difficulty was encountered in maintaining system pressure

after rupture of the second pressure pin specimen, and as a result, an

effective stress was calculated to describe the behavior of specimen T17.

Assuming a power law stress dependence (n ^ -6), the effective stress for

specimen T17 was approximated to be 190 MPa (27.5 Ksi).

The above rupture data has been included on the log stress/log

rupture time plot, Figure 8.14. This figure includes data obtained in

the first phase of the biaxial creep program and summarized in previous

reports.19 Although the nominal rupture time is an order of magnitude

lower than that desired for this investigation, this initial data demon

strate the following;

1. The biaxial creep data yields rupture times approximately

equivalent to the ASME Code Case 1592 minimum, a trend consis

tent with uniaxial tensile creep data for ESR 2>«Cr-lMo steel,

isothermal annealed specimens.

2. A small and resolvable reduction in creep strength is demon

strated as a function of pre-exposure condition.

The remaining data of Figure 8.14 represent results from the first
phase biaxial stress rupture program. Included are rupture data for specimens
which were inadvertently subjected to the sodium purification excursion

(40 to 72 hours at 727°C [1340°F] in titanium gettered sodium) preceeding

each run. These data were previously retracted because they were not

representative of decarburization conditions required for the test program.

Nevertheless, in terms of their resultant chemistry, they help illustrate

an important point, and are thus presented in this summary report. The



8
UJ

cc

te

100

90

80

70

60

50

40 CD

30

20

10

NOTES: (a)

(b)
(c)
(d)

ASME CODE CASE

1592 EXPECTED
MINIMUM VALUES

PROPERTY CODE 2202

NSMH EXPECTED VALUES

D
A

O

CARBON RANGE

0.07-0.10
0.02 - 0.07

0.01 - 0.04

0.024 NOM.

0.030 NOM.

CURRENT TEST
RESULTS

BASE METAL,
BASE METAL(a)
WELD METAL

BASE METAL'b)
BASE METAL(c)
BASE METAL(d'

J ' »»'•••
5 6 7

TIME TO RUPTURE (hr)

200 300 400 500

SINGLE EXPOSURE TO 727 C£1340 F)/40 HOUR EXCURSIONS IN Ti-GETTERED SODIUM AND TESTED IN SODIUM
MULTIPLE EXPOSURE TO 727oC (1340 F/40 HOUR EXCURSIONS IN Ti-GETTERED SODIUM AND TESTED IN SODIUM
MULTIPLE EXPOSURE TO727 C (1340 F/40 HOUR EXCURSIONS IN Ti-GETTERED SODIUM AND TESTED IN ARGON
CURRENT TESTPROGRAM, ESR MATERIAL (SPECIMENS ARE NOT YET AVAILABLE FOR CARBON ANALYSES)

Figure 8.14 Biaxial Stress Rupture Results
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2
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data of Figure 8.14 illustrate that the relatively short term stress rupture

properties of 2%Cr-lMo steel are not greatly affected by large variations

in bulk carbon content. Carbon determinations are catagorized in

Figure 8.14 and tabulated in Table 8.10. Analysis of these specimens for

carbon was done by a dry combustion technique (LECO) with a chromatographic

measurement of the total oxidized carbon. The sensitivity of the analysis

at the 0.2 wt.% carbon level is +0.004 wt.%, and at the 0.5 wt.% level it

is +0.01 wt.% carbon. The following points are illustrated in Figure 8.14;

1. Data representative of base metal bulk carbon content ranging

from approximately .030 to .100 wt.%, and those representative

of weld metal with a nominal .020 wt.% carbon content, all fall

within a common range typical of the spread between "expected"

and "expected minimum" stress rupture behavior.

2. Only base metal specimens with a nominal bulk carbon content of

.024 wt.% suffer a large decrement in creep strength.

The maintenance of relatively constant creep rupture strength for

0.03 < wt.% carbon < 0.10, with a sharp reduction in creep strength for
g

carbon content less than .030 wt.%,has been previously reported.

However, this trend was established using a number of 2%Cr-lMo steel alloys

with uniform carbon compositions. Figure 8.14 demonstrates a similar

trend for specimens severly decarburized. Thus, the first phase results

of the biaxial creep program confirm that

1. Stress rupture properties (short term) of 2%Cr-lMo steel are

relatively constant within the carbon loss regime anticipated for

the design life of CRBR.

2. Biaxial stress rupture data is directly comparable to uniaxial test

results; thus, the design penalty associated with decarburization

events can be determined from biaxial stress rupture test results.

Four samples of prototypic ESR tubing, scheduled for decarburization

profile determination have accumulated a 2010 hour exposure to titanium

gettered sodium at T = 510°C (950°F). These specimens will be used to

characterize the specific decarburization conditions of this investigation.



TABLE 8.10

RELATIVE CARBON CONTENT FOR THE 2%Cr-lMo DATA OF FIGURE 8.14

Carbon (Wt. %)

Key Mean Std. Dev.

• 2%Cr-lMo Base Metal .094 .008

• Base Metal(a) .041 .012

• Weld Metal .019 .010

O Base Metal^ .024 .002

A Base Metal^ .030 .005

H Base Metal^ (not determined)

Melt History

Air Melt

Air Melt

Weld Metal

Air Melt

Air Melt

Electroslag Remelted

(a) Single exposure to 727°C (1340°F)/40 hour excursions in Ti-gettered sodium, tested in sodium
at 510°C (950°F).

(b) Multiple exposure to 727°C (1340°F)/40 hour excursions in Ti-gettered sodium, tested in sodium
at 510°C (950°F).

(c) Multiple exposure to 727°C (1340°F)/40 hour excursions in Ti-gettered sodium, tested in argon
at 510°C (950°F).

(d) Current test program, ESR material, not yet available for carbon analysis.

(e) Bulk carbon determinations made on approximate 0.51 mm. (.020 in.) thick specimens.

Ol
OO
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8.4 METALLURGICAL CHARACTERIZATION OF VAR AND ESR 2%Cr-lMo STEEL
H. P. Offer

The objective of this activity is to generate mechanical property

and microstructural characterization data for consumable remelted

2%Cr-lMo steel. The mechanical property data has been generated on

vacuum arc remelted (VAR) and electroslag remelted (ESR) material. Heat

treatments simulate the treatments used for the data base of ASME Code

Case 1592, and the CRBR steam generator tubing and tubesheets before

and after post weld heat treatment. This data is compared to the Code

Case 1592 data base and to the Nuclear Systems Materials Handbook (NSMH)

correlations, which both represent material without post weld heat

treatment. The microstructural data is compared to RDT Standards M2-19

(tubesheets) and M3-33 (tubing), which are based on remelted material.

Data reported earlier23 for two VAR heats (Nos. 56062 and 55262)

and one ESR heat (No. R0110) include heat treatments, uniaxial tensile

tests, drop-weight tests, Charpy V-notch tests, creep-rupture tests,

chemical composition, microcleanliness, grain size and hardness, micro-

structure, and isothermal transformation data. Two additional heats are

reported here - VAR heat 91506 and ESR heat 91505, which were remelted

from the same vacuum induction melted heat. The data included for these

heats are tensile tests from room temperature to 566°C (1050°F), creep-

rupture tests at 454, 510, and 566°C (850, 950, and 1050°F), drop-weight

and Charpy tests from -59 to 288°C (-75 to 550°F), heat treatments,

chemical composition, and microinclusion data. Fracture toughness,

uniaxial strain controlled fatigue, and additional creep-rupture tests

are in progress for these heats. Tensile and creep results not reported

previously for VAR heat 55262 and ESR heat R0110 are also included.

8.4.1 Summary of Results

Values of yield strength, tensile strength, elongation, reduction

in area, yield strength ratio, and tensile strength ratio for the tensile

tests are given in Table 8.11. In general, the strength of these heats

is above the Code expected minimum curve for the short term isothermal



TABLE 8.11

TENSILE PROPERTIES OF 2%Cr-lMo STEEL

Specimen
Number

Heat
Treatment

Test Temp.
°C (°F)

Strength,
Yield

0.2X Offset

MPa (KSI)

Ultimate

Strengtt

Yield

i Ratio

Ultimate

Total
Elongation, X

in 25.4 mm
Reduction

in Area, %

Heat VAR 91506 - 0.10* C

VT1 A 24 (76) 275 (39.9) 461 (66.9j 1.000 1.000 42.2 77.8

VT2 A 204 (400) 216 (31.4) 396 (57.5 > .787 .859 26.4 76.7

VT3 A 371 (700) 199 (28.9) 450 (65.2 ) .724 .975 23.6 70.3

VT4 A 454 (850) 174 (25.3) 413 (59.9'1 .634 .895 29.0 76.1

VT5 A 510 (950) 153 (22.2) 372 (54.0 .556 .807 28.6 80.7

VT6 A 566 (1050) 148 (21.5) 299 (43.3) .539 .649 39.3 89.2

VT10 A2 24 (76) 260 (37.8) 459 (66.6] 1.000 1.000 40.5 77.1

VT11 A2 204 (400) 236 (34.2) 425 (61.7] .905 .926 26.6 74.5

VT12 A2 371 (700) 201 (29.2) 466 (67.6] .772 1.015 24.3 68.9

VT13 A2 454 (850) 161 (23.4) 419 (60.8] .619 .913 28.2 76.5

VT14 A2 510 (950) 161 (23.3) 377 (54.7 .616 .821 30.3 80.9

VT15 A2 566 (1050) 152 (22.0) 308 (44.7] .582 .671 32.8 88.4

VT19 B 24 (76) 202 (29.3) 440 (63.8) 1.000 1.000 36.6 73.3

VT20 B 204 (400) 154 (22.3) 365 (53.0] .761 .831 34.8 74.4

VT21 B 371 (700) 147 (21.3) 381 (55.3) .727 .867 21.8 67.4

VT22 B 454 (850) 149 (21.6) 356 (51.7) .737 .810 29.6 72.4

YT23 B 510 (950) 137 (19.8) 312 (45.3] .676 .710 32.3 77.9

VT24 B 566 (1050) 139 (20.1) 268 (38.8] .686 .608 28.8 86.2

J>
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TABLE 8.11

TENSILE PROPERTIES OF 2%Cr-lMo STEEL

Specimen
Number

Heat

Treatment

31505 - 0.09X C

Test Temp.
°C (°F)

Strength,
Yield

0.2X Offset

MPa (KSI)

Ultimate

Strength

Yield

Ratio

Ultimate

Total
Elongation, X

in 25.4 mm

Reduction

in Area, X
11 WllltSG 1

Heat ESR <

ET27 M 24 (76) 262 (38.0) 452 (65.5) 1.000 1.000 35.4 78.5

ET28 M 204 (400) 209 (30.3) 410 (59.5) .797 .908 28.0 74.8

ET29 M 371 (700) 185 (26.9) 444 (64.4) .708 .983 25.5 72.3

ET30 M 454 (850) 183 (26.5) 419 (60.8) .697 .928 28.4 77.5

ET31 M 510 (950)- 166 (24.1) 390 (56.5) .634 .863 29.1 82.3

ET32 M 566 (1050) 156 (22.6) 329 (47.7) .595 .728 37.5 86.3

ETS1 N 24 (76) 235 (34.1) 457 (66.3) 1.000 1.000 34*. 3 69

ETS2 N 204 (400) 203 (29.5) 407 (59.1) .865 .891 25.0 63

ETS3 N 454 (850) 207 (30.0) 465 (67.5) .880 1.018 16.8 61

ETS4 N 510 (950) 199 (28.9) 425 (61.6) .848 .929 22.5 65

ETS5 0 24 (76) 236 (34.3) 445 (64.6) 1.000 1.000 34.1 70

ETS6 0 204 (400) 185 (26.8) 369 (53.5) .781 .828 25.8 69

ETS7 0 454 (850) 175 (25.4) 367 (53.2) .741 .824 22.3 64

ETS8 0 510 (950) 151 (21.9) 323 (46.9) .638 .726 28.2 69

ETS9 0 24 (76) 243 (35.3) 431 (62.5) 1.000 1.000 34.3 69

ETS10 D 204 (400) 191 (27.7) 358 (51.9) .785 .830 26.0 64

ETS11 D 454 (850) 156 (22.6) 364 (52.8) .640 .845 24.7 59

ETS12 0 510 (950) 150 (21.8) 329 (47.7) .618 .763 22.5 66

ON



TABLE 8.11

TENSILE PROPERTIES OF 2%Cr-lMo STEEL

Specimen
Number

Heat

Treatment
Test

°C
Temp.

(•F)

Strength,
Yield

0.2X Offset

MPa (KSI)

Ultimate

Strength Ratio

Yield Ultimate

Total
Elongation, X

In 25.4 mm
Reduction
In Area, %

Heat ESR R0110 - 0.10X C

D12-1 L ♦ A2 21 (70) 340 (49.3) 504 (73.1) 1.000 1.000 31.2 71.8

D12-2 L + A2 371 (700) 281 (40.8) 504 (73.1) .828 1.000 19.8 61.3

D12-3 L + A2 454 (850) 279 (40.4) 476 (69.1) .820 .945 21.1 68.6

012-4 L + A2 510 (950) 257 (37.3) 440 (63.8) .757 .873 24.1 73.5

D16-2 I + H 454 (850) 199 (28.9) 422 (61.2) — -i_ 27.4 66.8

D16-3 L + H 510 (950) 194 (28.1) 384 (55.7) — — 21.9 70.0

016-1 L + H 566 (1050) 195 (28.3) 320 (46.4) — — 30.7 77.4

D16-4 L + H 566 (1050) 190 (27.5) 336 (48.8) — --. 29.0 77.1

Heat VAR 55262 - 0.10X C

T20 M 24 (76) 241 (35.0) 479 (69.5) 1.000 1.000 31.6 72.4

T21 M 204 (400) 222 (32.2) 421 (61.0) .920 .878 26.9 70.7

T22 M 371 (700) 256 (37.1) 483 (70.0) 1.060 1.007 21.8 62.7

T23 M 454 (850) 236 (34.2) 475 (68.9) .977 .991 22.9 68.6

T24 M 510 (950) 243 (35.2) 456 (66.2) 1.006 .953 25.9 72.9

T25 M 566 (1050) 215 (31.2) 383 (55.5) .891 .799 31.0 80.1

CTi
4>



TABLE 8.11

TENSILE PROPERTIES OF 2%Cr-lMo STEEL - 1% INCH DIAMETER TUBING*

Wall

Thickness
mm (in.)

Heat

Treatment
Test Temp.
°C (°F)

Strength,
Yield

0.2X Offset

MPa (KSI)

Ultimate

Strength Ratio

Yield Ultimate

Total
Elongation, X

in 25.4 mm
Reduction
in Area, X

Heat A1r X6216 - 0.11% C

7.32 (.288) N 21 (70) 306 (44.4) 543 (78.7) 1.00 1.00 21.2 75.0

8.92 (.351) N 21 (70) 312 (45.2) 541 (78.5) 1.00 1.00 20.3 73.0

8.33 (.328) N 21 (70) 410 (59.5) 552 (80.0) 1.00 1.00 19.0 72.7

8.97 (.353) N 21 (70) 322 (46.7) 546 (79.2) 1.00 1.00 21.7 75.3

7.32 (.288) N 454 (850) 271 (39.3) 524 (76.0) 0.89 0.97 15.5 75.1

8.92 (.351) N 454 (850 282 (40.9) 538 (78.1) 0.90 0.99 15.3 72.2

8.33 (.328) N 454 (850) 350 (50.8) 575 (83.4) 0.85 1.04 14.1 70.8

8.97 (.353) N 454 (850) 290 (42.0) 541 (78.4) 0.90 0.99 15.4 75.0

7.32 (.288) N 510 (950) 270 (39.1) 485 (70.3) 0.88 0.89 17.2 79.6

8.92 (.315) N 510 (950) 275 (39.9) 496 (72.0) 0.88 0.92 17.1 78.1

8.33 (.328) N 510 (950) 345 (50.1) 517 (75.0) 0.84 0.94 16.0 75.4

8.97 (.353) N 510 (950) 282 (40.9) 503 (73.0) 0.88 0.92 17.5 77.7

Heat Air 72768 - 0.09X C

8.97 (.353) N 21 (70) 290 (42.0) 488 (70.8) 1.00 1.00 23.2 66.1

8.97 (.353) N 454 (850) 232 (33.7) 476 (69.1) 0.80 0.98 17.1 76.4

8.97 (.353) N 510 (950) 218 (31.6) 448 (65.0) 0.75 0.92 15.7 64.1

* ORNL Data (2)

4>
C3\
in
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anneals without post weld heat treatment. For the long term isothermal

anneals or the full anneal, the strength is in some cases below the Code

expected minimum. Post weld heat treatment reduces the strength of the

short anneals below the Code expected minimum, and reduces the strength

of the long isothermal anneals and the full anneal below the NSMH lower

tolerance curve at elevated temperatures. Data generated by ORNL on

air-melted 2%Cr-lMo steel of approximately the same carbon content is

included here for comparison with remelted data. The results for air

melted material indicate that the relation of strength to temperature

(incomplete vs. complete phase transformation) during heat treatment is

independent of melting practice. A representative set of plots of these

parameters versus temperature are shown in Figures 8.15 to 8.22. Charpy

V-notch tests show that the VAR and ESR material has excellent upper

shelf energy absorption. It also has satisfactory reference nil-ductility

transition temperatures (RT ) for hydrostatic testing of units fabricated

from similar material at RT1^ + 33°C (60CF). The results of these tests are
listed in Tables 8.12 and 8.13. These impact toughness results are a reflection

of the low levels of non-metallic inclusions, primarily those containing

phosphorus and sulfur. The chemical composition and microinclusion count

are given in Tables 8.14 and 8.15, respectively. The cleanliness of these

heats is also reflected in the relatively small increase in RT „ after

isothermal embrittlement heat treatment. The values of absorbed energy,

lateral expansion, and precent shear fracture for ESR heat 91505 are shown

in Figures 8.23, 8.24 and 8.25.

A summary of the creep-rupture results at 454, 510, and 566°C is

given in Table 8.16. Plots of log stress-log minimum creep rate, log

stress-log time to tertiary creep, and log stress-log rupture time at

510°C are given in Figures 8.26, 8.27, and 8.28. All of the minimum creep

rate data can be seen to lie between the NSMH tolerance limits. The time

to tertiary creep is consistently above the Code Case 1592 expected

minimum curve*for the three heat treatments considered. Two of these

three heat treatments show stress to rupture less than that of the Code

Case 1592 expected minimum curve and the NSMH lower tolerance limit, for

rupture times under 1000 hours. These heat treatments are a 90 minute -
*Derived from S /0.8, this assumes S is set by time to tertiary creep.
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TABLE 8.12

CHARPY V-NOTCH RESULTS FOR 2%Cr-lMo STEEL

Specimen
No.

VV2

CVN
J (ft -lh i

Temp.
°C (°F)

-46 (-50)

Lateral
Expansion
ym (mils)

Shear Fracture {%
Observation
Avg. of 3

)
Heat.

No.

Heat

Treatment Orientation

5.4 (4.0) 102 (4) 2 VAR 91506 A2 Transverse

vvn 4.6 (3.4) -32 (-25) 127 (5) 4 VAR 91506 A2 Transverse

VV3 4.7 (3.5) -32 (-25) 152 (6) 4 VAR 91506 A2 Transverse

VV7 14.0 (10.3) -29 (-20) 305 (12) 4 VAR 91506 A2 Transverse

VV9 222.4 (164.0) -29 (-20) 2740 (108) 66 VAR 91506 A2 Transverse

VV5 146.6 (108.1) -26 (-15) 2760 (97) 33 VAR 91506 A2 Transverse

VV8 13.6 (10.0) -23 (-10) 279 (ID 4 VAR 91506 A2 Transverse

VV6 104.1 (76.8) -23 (-10) 1910 (75) 21 VAR 91506 A2 Transverse

VV10 >322.7 (>238.0) -21 (-5) 2390 (94) 100 VAR 91506 A2 Transverse

VV4 >324.0 (>239.0) -17 (0) 2240 (88) 100 VAR 91506 A2 Transverse

VV12 >307.8 (>227.0) 121 (250) 2460 (97) 100 VAR 91506 A2 Transverse

VV13 >279.3 (>206.0) 288 (550) 2620 (103) 100 VAR 91506 A2 Transverse



TABLE 8.12

CHARPY V-NOTCH RESULTS FOR 2%Cr-lMo STEEL

Specimen
No.

CVN
J (ft.-lb.)

Temp.
"C CF)

Lateral

Expansion
pm (mils)

Shear Fracture (X)
Observation
Avq. of 3

Heat
No.

Heat
Treatment Orientation

EV15 4.9 (3.6) -46 (-50) 76 (3) 2 ESR 91505 B Transverse

EV16 9.9 (7.3) -32 (-25) 254 (10) 4 ESR 91505 B Transverse

EV18 17.6 (13.0) -26 (-15) 432 (17) 4 ESR 91505 B Transverse

EV21 21.7 (16.0) -23 (-10) 533 (21) 8 ESR 91505 B Transverse

EV23 17.6 (13.0) -23 (-10) 432 (17) 13 ESR 91505 B Transverse

EV22 99.4 (73.3) -21 (-5) 1730 (68) 27 ESR 91505 B Transverse

EV14 108.4 (80.0) -21 (-5) 1980 (78) 23 ESR 91505 B Transverse

EV17 132.6 (97.8) -17 (0) 2290 (90) 34 ESR 91505 B Transverse

EV24 93.6 (69.0) -15 (5) 1700 (67) 23 ESR 91505 B Transverse

EV20 >322.7 (>238.0) -12 (10) 2390 (94) 100 ESR 91505 B Transverse

EV19 >322.7 (>238.0) -3.9(25) ~ — 100 ESR 91505 B Transverse

EV25 >304.4 (>224.5) 121 (250) 1980 (78) 100 ESR 91505 B Transverse

EV26 >260.0 (>192.0) 288 (550) 2010 (79) 100 ESR 91505 B Transverse

J>
-J
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TABLE 8.12

CHARPY V-NOTCH RESULTS FOR 2%Cr-lMo STEEL

Specimen
No.

CVN

0 (ft.-lb.)
Temp.
°C (°F)

Lateral

Expansion
urn (mils)

Shear Fracture (%)
Observation
Avg. of 3

Heat
No.

Heat

Treatment Orientation

VV15 3.9 (2.9) -46 (-50) 76 (3) 2 VAR 91506 B Transverse

VV16 6.5 (4.8) -32 (-25) 127 (5) 3 VAR 91506 B Transverse

VV14 13.8 (10.2) -21 (-5) 330 (13) 4 VAR 91506 B Transverse

VV17 12.2 (9.0) -17 (0) 330 (13) 8 VAR 91506 B Transverse

VV23 116.6 (86.0) -9.4 (15) 2080 (82) 23 VAR 91506 B Transverse

VV19 39.3 (29.0) -6.7 (20) 864 (34) 10 VAR 91506 B Transverse

VV18 108.4 (80.0) -3.9 (25) 2010 (79) 23 VAR 91506 B Transverse

VV21 108.4 (80.0) -3.9 (25) 1980 (78) 23 VAR 91506 B Transverse

VV20 148.9 (109.8) 1.7 (35) 2410 (95) 40 VAR 91506 B Transverse

VV24 149.1 (110.0) 4.4 (40) 2360 (93) 35 VAR 91506 B Transverse

VV22 >324.0 (>239.0) 7.2 (45) ~ — 100 VAR 91506 B Transverse

VV25 >282.7 (>208.5) 121 (250) 2490 (98) 100 VAR 91506 B Transverse

VV26 >267.1 (>197.0) 288 (550) 2160 (85) 100 VAR 91506 B Transverse

-p-



TABLE 8.12

CHARPY V-NOTCH RESULTS FOR 2%Cr-lMo STEEL

Specimen
No.

CVN

J (ft.-lb.)
Temp.

°C CF)

Lateral
Expansion
urn (mils)

Shear Fracture (%
Observation

Avg. of 3

)
Heat

No.

Heat

Treatment Orientation

ED9-1 6.5 (4.8) -46 (-50) 102 (4) 2 ESR 91505 G Transverse

E09-2 5.4 (4.0) -46 (-50) 76 (3) 2 ESR 91505 G Transverse

EDI0-1 35.3 (26.0) -32 (-25) 711 (28) 7 ESR 91505 G Transverse

EDI0-2 5.4 (4.0) -32 (-25) 127 (5) 3 ESR 91505 G Transverse

ED11-1 13.6 (10.0) -26 (-15) 229 (9) 7 ESR 91505 G Transverse

EDI1-2 7.6 (5.6) -26 (-15) 102 (4) 3 ESR 91505 G Transverse

EDI 2-1 32.8 (24.2) -17 (0) 6T0 (24) 7 ESR 91505 G Transverse

EDI 2-2 35.5 (26.2) -17 (0) 711 (28) 9 ESR 91505 G Transverse

ED14-1 170.8 (126.0) -3. 9 (25) 2410 (95) 50 ESR 91505 G Transverse

EDI 4-2 141.0 (104.0) -3.9 (25) 2290 (90) 40 ESR 91505 G Transverse

EDI 6-1 __ -. 24 (75) 2260 (89) 45 ESR 91505 G Transverse

4>



TABLE 8.12

CHARPY V-NOTCH RESULTS FOR 2%Cr-lMo STEEL

Specimen
No.

CVN

J (ft.-lb.)
Temp.

°C CF)

Lateral
Expansion
ym (mils)

Shear Fracture (%)
Observation

Avg. of 3
Heat

No.

Heat

Treatment Orientation

VD9-1 3.0 (2.2) -46 (-50) 51 (2) 1 VAR 91506 G Transverse

VD9-2 4.1 (3.0) -46 (-50) 51 (2) 2 VAR 91506 G Transverse

VD10-1 5.3 (3.9) -32 (-25) 76 (3) 2 VAR 91506 G Transverse

V010-2 4.1 (3.0) -32 (-25) 76 (3) 3 VAR 91506 G Transverse

VD11-1 7.2 (5.3) -26 (-15) 127 (5) 2 VAR 91506 G Transverse

VD11-2 14.9 (11.0) -26 '(-15) 127 (5) 3 VAR 91506 G Transverse

VD12-1 19.0 (14.0) -17 (0) 381 (15) 2 VAR 91506 6 Transverse

VD12-2 19.0 (14.0) -t7 (0) 432 (17) 4 VAR 91506 6 Transverse

VD13-2 199.8 (147.4) -15 (5) 2520 (99) 70 VAR 91506 G Transverse

VD14-1 93.6 (69.0) -3.9 (25) 1700 (67) 27 VAR 91506 G Transverse

VD14-2 41.4 (30.5) -3.9 (25) 838 (33) 9 VAR 91506 G Transverse

VD16-1 73.2 (54.0) 24 (75) 1350 (53) 25 VAR 91506 G Transverse

VD16-2 242.7 (>179.0) 38 (100) 2210 (87) 100 VAR 91506 G Transverse

-p-

Ui



TABLE 8.12

CHARPY V-NOTCH RESULTS FOR 2%Cr-lMo STEEL

Specimen
No.

CVN
J (ft.-lb.)

Temp.
°C CF)

Lateral
Expansion
un (mils)

Shear Fracture (X
Observation
Avg. of 3

)
Heat

No.
Heat

Treatment Orientation

EV9 3.4 (2.5) -59 (-75) 25 (1) 2 ESR 91505 A2 Transverse

EV2 16.0 (11.8) -46 (-50) 356 (14) 4 ESR 91505 A2 Transverse

EV7 16.3 (12.0) -32 (-25) 356 (14) 5 ESR 91505 A2 Transverse

EV6 >324.0 (>239.0) -29 (-20) 2770 (109) 100 ESR 91505 A2 Transverse

EV8 >322.7 (>238.0) -29 (-20) 2490 (98) 100 ESR 91505 A2 Transverse

EV1T >324.0 (>239.0) -29 (-20) 2600 (102) 100 ESR 91505 A2 Transverse

EV5 >324.0 (>239.0) -26 (-15) 2620 (103) 100 ESR 91505 A2 Transverse

€V4 >324.0 (>239.0) -17 (0) 2460 (97) 100 ESR 91505 A2 Transverse

EV1 >324.0 (>239.0) 24 (75) 2260 (89) 100 ESR 91505 A2 Transverse

EV10 >322.7 (>238.0) 66 (150) — 100 ESR 91505 A2 Transverse

EV12 >308.9 (>227.8) 121 (250) 1910 (75) 100 ESR 91505 A2 Transverse

EV13 >284.7 (>210.0) 288 (550) 2160 (85) 100 ESR 91505 A2 Transverse

J>



TABLE 8.13

SUMMARY OF CHARPY IMPACT AND DROP-WEIGHT TEST DATA FOR 2J«Cr-lMo STEEL

ASTM Standard E23-72

67.5 J 0.889 mm
(50 ft.-lb.) (35 mils) Lateral SOX Shear N11 Ductility Reference Upper Shelf

Heat Heat Energy Temp. Expansion Temp. Fracture Temp. Temp., **(NDT) NOT*** Energy
No. Treatment Orientation °C CF) °C CF) °C CF) °C CF) °C CF) J (ft.-lb.)

VAR

91506 A2

VAR
91506 B

VAR
91506 G

ESR
91505 A2

ESR
91505 B

ESR

91505 6

Transverse -26 (-15) -23 (-10) -23 (-10)

Transverse -3.9 (25) -6.7 (20) 1.7 (35)

Transverse 10 (50)* 24 (75)* 32 (90)*

Transverse -32 (-25) -32 (-25) -6.7 (-20)

Transverse -15 (5) -18 (0) -15 (5)

Transverse -12 (TO) -15 (5) -3.9 (25)

* Approximate temperatures - insufficient data to determine precise values
** Determined from Drop-weight Tests

*** Determined according to NB-2300

>324 (240)

-18 (0) -18 (0) >324 (240)

-6.7 (20X 24 (75)* >324 (240)

-18 (0)

-18 (0)

>324 (240)

-18 (0) >324 (240)

-18 (0) >324 (240)
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TABLE 8.15

INCLUSION CONTENT DETERMINATION BY ASTM E45-D

Position

VAR Heat #91506

EdgeEdge
"TRTn
Heavy

Midsection

-wm
Heavy

Center
"TETrT

Heavy

ESR Heat #91505

Edge
"ihTh

Heavy

Midsection

"TnTn
Heavy

Center

TRTn-
Heavy

VAR Heat #91506

Edje
Thin

Heavy

Midsection
TnTIi

Heavy

Center
TfffiT

Heavy

Inclusion Type

191 mm (7.5.1n.) Square Billets

19.1 mm (.75 1n.) Thick Plates
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TABLE 8.15

INCLUSION CONTENT DETERMINATION BY ASTM E45-D

Position

ABC 0

ESR Heat #91505

19.1 mm (.75 1n.) Thick Plates

Edge
"JhTh

Heavy HI i»7 III 1

Midsection
thin
Heavy i III

1

Center
Thin
Heavy i>7 III 1

ROT M3-33 and M2-19

Thin Uj TJ, 11, Uj
Heavy 1111
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TABLE 8.16

CREEP-RUPTURE DATA FOR 2%Cr-lMo STEEL

SPECIMEN
NUMBER

HEAT
TREATMENT

STRESS
MPa {KSI)

RUPTURE
TIME (hr.)

TIME TO THIRD*
STAGE (hr.)

STRAIN TO THIRD*
STAGE 1%)

MINIMUM CREEP*
RATE (X/hr.)

ELONGATION
(X)

REDUCTION
IN AREA (X)

PLASTIC ON
LOADING (X)

Heat VAR 91506 454°C (850*F)

VC1 A2 379.2 (55) 78.6 51.8 2.95 0.0392 25.4 75.2 6.0*

VC16 B 379.2 (55) ** — ... — 24.1 70.7 8.0*

VC4 A2 358.5 (52) 141.9 96.6 3.25 0.0249 25.5 75.2 5.9

VC19 B 358.5 (52) »»
— — — 25.0 69.5 7.C*

VC7 A2 330.9 (48) 422.0 235 2.59 0.00660 27.6 78.1 3.1

VC22 B 330.9 (48) 3.1 2.6 8.90 2.15 29.9 72.7 6.0*

VC25 B 275.8 (40) 273.8 158 8.38 0.0454 36.3 76.7 2.9

VC28 B 241.3 (35) 1456.0 338 11.20

510#C (950*F)

0.0312 42.5 81.3 2.1

VC2 A2 241.3 (35) 104.0 36.8 1.99 0.0397 41.0 84.4 1.4

VC17 B 241.3 (35) 20.3 5.0 4.90 0.756 45.3 83.4 2.3

VT17 H 241.3 (35) 16.2 8.9 7.20 0.751 41.0 82.2 2.2

VC5 A2 206.8 (30) 235.1 59.9 1.50 0.188 49.1 85.7 0.9

VC20 B 206.8 (30) 113.9 32.2 5.80 0.151 52.3 83.8 1.4

VTI8 H 206.8 (30) 57.7 1S.4 3.85 0.203 49.5 86.2 1.5

VC8 A2 172.4 (25) 790.4 114 1.17 0.00722 59.7 89.3 0.4

VC23 B 172.4 (25) 602.0 190 7.55 0.0358 59.7 86.2 0.6

VF5 H 172.4 (25) 318.9 85.8 4.87 0.0544 61.3 86.2 0.7

vcn A2 151.7 (22) 1778.6 153 0.64 0.00289 56.0 89,8 0.2

VC26 B 151.7 (22) 1429.1 503 9.10 0.0161 66.9 87.7 0.4

VF6 H 151.7 (22) 783.9 312 9.20 0.0288 61.9 90.6 0.4

* Determined by 0.2X strain offset
** Specimen failed on loading

4>
00
CO



TABLE 8.16

CREEP-RUPTURE DATA FOR 2^Cr-lMo STEEL

SPECIMEN HEAT STRESS RUPTURE TIME TO THIRD* STRAIN TO THIRD* MINIMUM CREEP* ELONGATION REDUCTION PLASTIC OH
NUMBER TREATMENT MPa (KSI) TIME (hr.) STAGE (hr.) STAGE (X) RATE (X/hr.) (X) IN AREA (X) LOADING (X)

Heat VAR 91506 566*C (1050*F)

VC3 A2 172.4 (25) 19.3 3.3 3.02 0.789 61.7 88.5 0.8
VC18 B 172.4 (25) 15.4 5.4 9.20 1.47 75.0 47.1 1.1
VC6 A2 151.7 (22) 51.6 11.2 5.10 0.411 68.7 90.5 0.3

VC21 B 151.7 (22) 43.8 16.4 10.55 0.564 70.7 90.6 0.6

VC9 A2 124.1 (18) 201.5 18.5 8.70 0.101 56.2 90.3 0.1

VC24 B 124.1 (18) 213.9 73.5 8.80 0.102 68.8 90.8 0.3

VC12 A2 96.53(14) 1716.3 700 8.20 0.0106 62.7 92.8 0.0

VC27 B 96.53(14) 1124.0 533 11.60 0.0198 68.9 93.3 0.0

Heat ESP. 91505 4S4*C (850*F>
EC1 A2 379.2 (55) 14.3 7.9 1.66 0.183 23.6 75.0 6.0+

EC16 B 379.2 (55) **
— — ... 24.9 72.1 6.0+

EC4 A2 358.5 (52) 51.1 31.3 2.50 0.0614 25.0 75.9 5.2

EC19 B 358.5 (52) **
— ... — 23.7 72.9 6.0*

EC7 A2 330.9 (48) 349.0 185 3.68 0.0139 27.3 75.2 3.7

EC22 B 330.9 (48) 0.2 — — ... 28.7 73.3 6.0+

EC25 B 275.8 (40) 90.3 46.2 8.55 0.159 36.0 81.4 3.4

EC13 A2 241.3 (35) *** — — ... ... ...

EC28 B 241.3 (35) 568.0 217 6.50 0.0249 43.3 81.9 2.1

* Determined by 0.2X strain offset
** Specimen failed on loading

*** Machine malfunction - no test

4>
CO



TABLE 8.16

CREEP-RUPTURE DATA FOR 2%Cr-lMo STEEL

SPECIMEN HEAT STRESS RUPTURE TIME TO THIRD* STRAIN TO THIRD* MINIMUM CREEP* ELONGATION REDUCTION PLASTIC ON
NUMBER TREATMENT MPa (KSI) TIME (hr.) STAGE (hr.) STAGE (X) RATE (X/hr.) (X) IN AREA (X) LOADING i%)

Heat ESR 91505 510°C (950*^)

EC2 A2 241.3 (35) 85.8 25.2 1.85 0.0488 40.4 83.6 1.8

EC17 B 241.3 (35) 8.2 4.2 9.40 1.99 42.8 80.9 3.0

ET17 H 241.3 (35) 7.6 503 9.10 0.0161 42.8 83.2 2.6

EC5 A2 206.8 (30) 205.3 40.0 1.21 0.0186 48.6 85.7 1.2

EC20 B 206.8 (30) 56.0 4.3 8.60 1.78 49.6 84.8 1.6

ET18. H 206.8 (30) 44.0 f0.3 3.60 0.286 41.9 85.4 ,1.8
EC8 A2 172.4 (25) 664.7 110 1.08 0.00509 55.6 89.8 0.4

EC23 8 172.4 (25) 289.0 117 12.70 0.104 61.2 87.5 1.0

EF5 H 172.4 (25) 243.8 177 6.20 0.0327 59.6 87.1 0.9

ECU A2 151.7 (22) 1327.0 114 0.382 0.00265 60.4 89.7 0.2

EC26 B 151.7 (22) 741.7 588 6.09 0.00781 61.2 88.0 0.5

EF6 H 151.7 (22) 568.7 155 5.35

566°C (1050'F)

0.0326 60.1 87.7 0.5

EC3 A2 172.4 (25) 16.3 5.3 6.35 1.09 61.8 89.7 0.9

EC18 B 172.4 (25) 8.8 6.6 19.00 2.72 62.2 88.3 1.4

EC6 A2 151.7 (22) 41.2 19.4 14.30 0.727 71.2 90.0 0.6

EC21 B 151.7 (22) 26.7 10.2 8.20 0.650 69.2 88.6 0.9

EC9 A2 124.1 (18) 187.4 73.2 10.30 0.13S 75.7 90.6 0.2

EC24 B 124.1 (18) 133.7 61.0 13.80 0.207 78.0 92.2 0.5

EC12 A2 96.53(14) 1002.9 525 13.00 0.0235 70.2 93.0 0.0

EC27 B 96.53(14) 781.7 325 11.50

510"C (950*F)

0.0314 77.5 90.3 0.0

Heat ESR R0110

D 151.7 (22) 7236.2 1845 1.34 0.000499 35.0 60.7 0.2

Determined by 0.2X strain offset

oo

in
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Figure 8.26 Variation of Stress and Time to Tertiary Creep in Uniaxial
Tension
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Figure 8.27. Variation of Stress and Minimum Creep Rate in Uniaxial
Tension
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704°C (1300°F) isothermal anneal with a 40 hour - 727°C (1340°F) PWHT,

and a full anneal with a 4 hour - 727°C PWHT. The heat treatment which

fell above these minimums was a 90 minute isothermal anneal plus a

4 hour - 727°C PWHT. It should be noted that the data falling below the

minimum lines decreases relatively less with longer rupture times, and

crosses above these lines at about 1000 hours. That is, although the

data are below the minimum curve at short times, they have a higher stress

dependence. Thus the heat treatments producing lower strength material,

as reflected by low tensile strengths and by low short-term rupture times,

have superior long-term rupture times as expected due to their more

stable carbide structure.

8.5 FRACTURE TOUGHNESS OF LMFBR STEAM GENERATOR MATERIALS
J. F. Copeland/J. L. Yuen

8.5.1 Background

The objective of this program is to determine fracture toughness

values (KIc) at 24°C (75°F) and higher temperatures, for potential LMFBR
steam generator shell and tubesheet materials. These results will be

combined with Charpy V-notch and drop-weight test values (RT deter

minations) and tensile test results to evaluate resistence to fracture.

The essence of this approach to prevent fracture is set forth in the K
IR

curve of Appendix G to Section III of the ASME Boiler and Pressure Vessel

Code. No toughness data on 2^Cr-lMo steel was included in the derivation

of the Code KIR curve. Therefore, testing is required at hydrostatic
test and at service temperatures to assure that the present KT1J curve

IR

approach is adequate for this material. In order to evaluate the fracture

toughness of 2%Cr-lMo above the Nil Ductility Transition Temperature (NDTT),

it is necessary to employ elastic-plastic fracture toughness testing

methods, such as the J-Integral approach.

Thick section 2^Cr-lMo steel plates were procured for this program

and heat treated to represent potential LMFBR material conditions. The

emphasis is on air melted (AM) material, although some testing has been

done on Vacuum Arc Remelted (VAR) steel. Information on test material
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chemical composition is given in Table 8.17. The air melted material is

in the form of 89 mm. (3.5 in.) thick plate, while the VAR steel is 51 mm.

(2 in.) thick plate. Two 122 cm. (48 in.) long, 8.9 cm. (3.5 in.) thick

SMAW weldments were prepared from the AM plates as described in Appendix 8.1.

These weldments passed the nondestructive examination and appear to be

excellent test welds. The "K"-shaped joint was specified to provide a

relatively straight edged fusion line for heat affected zone (HAZ) tests.

Initial tensile, Charpy V-notch (CVN), drop weight NDT, and fracture

toughness (JT , KT ) test results on base material are reported in

Reference 26. Summaries of these results, along with the recent results,

are presented in this report in order to give a complete story to date.

8.5.2 Current Progress

Test material conditions are described in Table 8.18 These conditions

include SMAW weld metal and HAZ tests. Specimen notch and gage length

locations relative to these weldment zones are shown in Figures 8.29 - 8.31.

Tensile test results are presented in Table 8.19 for material conditions

A-E. The room temperature results were discussed previously.21 Additional

room temperature and elevated temperature tests are shown which were per

formed last quarter. These results are required for crack opening displace

ment (COD) toughness calculations and, additionally, give insight into the

influence of post weld heat treatment (PWHT) on strength. It appears that

for this heat, in the laboratory full anneal condition, there is a small

decrease in yield strength and a larger decrease in ultimate tensile

strength (UTS) resulting from the 4 hour PWHT at 727°C (1340°F). Hot

tensile tests on conditions D, F, and G will be performed during the next

quarter.

CVN energy, lateral expansion, and fracture appearance data and

curves are shown in Figures 8.32 - 8.41 for all material conditions.
2 1

These results supplement and extend previously reported data. Transition

temperature criteria used to determine RT-j—^, values for ASME Code

applications are summarized in Table 8.20. The effect heat treatment was

previously discussed.21 The weld tests indicate that the weld metal and

HAZ CVN transition temperature behavior is essentially the same as for the



Melting
Process

AM

VAR

Heat

No.

TABLE 8.17

CHEMICAL COMPOSITIONS OF 2%Cr-lMo STEEL PLATES FOR
FRACTURE TOUGHNESS TESTING (wt. %)

Mn Si Cr Ni Mo Al

86693 Melt 0.11 0.45 0.009 0.028 0.20 2.01 1.04

As Sb Sn

Check 0.11 0.41 0.014 0.026 0.19 2.00 0.12 1.00 <0.005 0.013 0.007 0.012

55262 Melt 0.09 0.52 0.016 0.014 0.08 2.22 1.01

Check 0.10 0.50 0.013 0.016 0.07 2.26 0.15 1.00 <0.005 0.008 <0.002 0.004

4>

o
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TABLE 8.18

MATERIAL CONDITION OF 2%Cr-lMo STEEL PLATES FOR
FRACTURE TOUGHNESS TESTING

A. Anneal (AM Heat 86693)

927°C (1700°F) for 3 hr., furnace cool at max. rate of
55.5°C (100°F) per hr. to less than 482°C (900°F)

B. Anneal + Post Weld Heat Treatment (PWHT) (AM Heat 86693)

927°C (1700°F) for 3 hr., furnace cool at max. rate of
55.5°C (100°F) per hr. to less than 482°C (900°F)
+727°C (1340°F) for 4 hrs., air cool or furnace cool

C. Anneal + PWHT (VAR Heat 55262)

927°C (1700°F) for 3 hr., furnace cool at max. rate of
55.5°C (100°F) per hr. to less than 482°C (900°F)
+727°C (1340°F) for 4 hr., air cool

D. Anneal + PWHT + Embrittlement Treatment (AM Heat 86693)

927°C (1700°F) for 3 hr., furnace cool at max. rate of
55.5°C (100°F) per hr. to less than 482°C (900°F)
+727°C (1340°F) for 4 hr., air cool or furnace cool
+510°C (950°F) for 1000 hr., air cool

E. Normalize + Temper (AM Heat 86693)

927°C (1700°F) for 3 hr., air cool
+ 727°C (1340°F) for 4 hr., air cool

F. SMAW Weld Metal (AM Heat 86693)

915°C (1680°F) for 3.5 hr., furnace cool at max. rate of
55.5°C (100°F) per hour to less than 482°C (900°F)
+SMAW (see weld procedure)
+727°C (1340°F) for 12 hr., furnace cool at max. rate of
55.5°C (100°F) per hour

G. SMAW Heat Affected Zone (HAZ) (AM Heat 86693)

915°C (1680°F) for 3.5 hr., furnace cool at max. rate of
55.5°C (100°F) per hour to less than 482°C (900°F)
+SMAW (see weld procedure)
+727°C (1340°F) for 12 hr., furnace cool at max. rate of
55.5°C (100°F) per hour
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TABI.K 8.19

Tensile Test Properties at 24°C (75°F) for 2»sCr-lMo Heat 86693.
Air-Melt 89 mm. (3.5 in.) Thick Plate, Properties at h T Location.
Strain Rate = 0.04 min.-1. Also, results for VAR Heat 55262.

Test Yield 0 2%

Temperature Point Y S. U.T.S. %E1. %
Treatment °C (°F) MPa (Ksi) MPa (Ksi) MPa (Ksi) (25.4 mm) R.A.

A 24 (75) 270 (39.2) 243 (35.2) 472 (68.5) 39.6 65.3

(Anneal) 262 (38.0) 243 (35.2) 466 (67.6) 38.2 66.1

260 (37.7) 235 (34.1) 470 (68.2) 41.5 66.9

371 (700) 169 (24.5) 168 (24.3) 450 (65.3) 23.5 50.7

454 (850) - - 160 (23.2) 449 (65.1) 23.8 49.5

510 (950) - - 156 (22.6) 410 (59.5) 26.5 60.3

566(105°) " ~* 154 (22.4) 363 (52.7) 36.4 72.5

B 24 (75) 295 (42.8) 261 (37.9) 466 (67.6) 33.3 65.9

(Anneal + 297 (43.1) 267 (38.7) 467 (67.7) 34.6 65.1

PWHT) - - - - 453 (65.7) 32.7 69.5

243 (35.2) 231 (33.5) 448 (65.0) 41.3 68.7

177 (350) 196 (28.4) 192 (27.8) 374 (54.2) 36.5 68.3

288 (550)
209 (30.3) 198 (28.7) 372 (53.9) 38.0 70..'!

194 (28.2) 181 (26.2) 298 (57.7) 24.9 59.7

399 (750) - - 146 (21.2) 399 (57.9) 24.0 54.3

454 (850) - - 152 (22.0) 386 (56.0) 27.8 56.2

510 (950) - - 143 (20.7) 340 (49.3) 33.2 65.1

566 (1050) "" — 133 (19.3) 292 (42.3) 43.6 76.6

C 24 (75) _

275 (39.9) 439 (63.7) 36.1 51.6
VAR*

(Anneal +

PWHT)

D 24 (75) 234 (33.9) 221 (32.1) 459 (66.6) 34.8 64.4

(Anneal + 223 (32.4) 220 (31.9) 465 (67.4) 38.1 67.2

PWHT + 510 'c,
1000 hr.)

E 24 (75) 298 (43.2) 285 (41.4) 462 (67.0) 38.4 68.7

(Norm. + 285 (41.4) 264 (38.3) 460 (66.7) 40.0 68.8

Temp.)

*K..-.sults by H. P. Offer (GE) on same VAR Heat No.
Juiided under 189a-SG029.

(55262) - different plate,



495

TEST TEMPERATURE l°FI

-
SO 150 350 550 750 950

350
1 1 1 1

300
"

250

A

200

•

•

A

A *

150

•

•

ENERGY '̂*''**,,
0 IBM)

• •
•

-"X^

•

/#
"

AM HEAT 86693

L/T - 1.0
1/4 T LOCATION, 89 mm (3.5 in.) PLATE
927 C (4 hr) F.C. + 727 C (4 hr) F.C. OR A.C.

50 f) - ENERGY

• - ENERGY, INCOMPLETE FRACTURE
.

0 J _1_ 1 1 I 1 1 1 1 1 I i i

ii
*i5

<<
tea:

40 "J"-

-40 0 40 80 120 160 200 240 280 320 360 400 440 480 S20

TEST TEMPERATURE(°Ct

Figure 8.32 Charpy V-Notch Impact Test Energy Curve. Material Condition B

TEST TEMPERATURE ( F)

350 5K

VAR HEAT 55262

SPECIMENS FROM CTS #GV3
51 mm (2 in.) PLATE

TRANSVERSE
927 C (2 hr) F.C. ♦ 727°C(4 hr) A.C.

# - ENERGY

• - ENERGY, INCOMPLETE FRACTURE

200 240 280 320

TESTTEMPERATURE l°C>

360 400 440 480 520

z<

-is.
40

5§

Figure 8.33 Charpy V-Notch Impact Test Energy Plot. Material Condition C



496

TEST TEMPERATURE ( F)

)0 150 350 550

350
1 1

300

250

- PMCor-.v (BM + TE)

"

AM HEAT 86693

L/T -1.0

1/4 T LOCATION, 89 mm (3.5 in.) PLATE
927 C (4 hr| F.C.* 727 C (4 hr) F.C.OR A.C.+510°C(1000hr|

• - ENERGY

A - ENERGY, INCOMPLETE FRACTURE

"

1 1 1 1 1 1 1

•

- 0.75

40 80 120 160 200 240 320 360 400 440 480 520

TEST TEMPERATURE I C)

Figure 8.34 Charpy V-Notch Impact Test Energy Curve. Material Condition D

-50

350 -

TEST TEMPERATURE I F)

350 550

AM HEAT 86693, L/T- 1.0,1/4 T LOCATION,
89 mm (3.5 in.) WELDMENT
915 C (3.5hr) F.C.♦ SMAW♦ 727°C112hr) F.C.
NOTCH IN WELD METAL. £9018-63 ELECTRODES

# - ENERGY

A - ENERGY, INCOMPLETE FRACTURE

1 '

ENERGY (WM)

40 60 120 160 200 " 240 280

TEST TEMPERATURE f°C)

320 360 400 440 480 520

-«.i;

cc £
40 U

Figure 8.35 Charpy V-Notch Impact Test Energy Curve. Material Condition F



497

J .

TEST TEMPERATURE f Fl

-5 0 150 350 550 750 950

350

-
-

300

AM HEAT 86693

L/T - 1.0

1/4 T LOCATION. 89 mm (3.5 in.) WELDMENT
915 C 13.5hrl F.C. + SMAW ♦ 727°C [12 hr) F.C.
NOTCH ~ 3 mm FROM FUSION LINE, IN HAZ
E9018-B3 ELECTRODES

• - ENERGY

250

200
-

150

• (BASE METALI

100 •
•

* "

^ • •
^^•^-w^^^ENbHUY (HAZ)

ft • -—»»^-
50

•

_L 1 1 ' ' _l 1 1 1 1 J. '

- 1.00 m -

200 240 280

TEST TEMPERATURE (°CI

360 400 440 480

o £

Figure 8.36 Charpy V-Notch Impact Test Energy Curve. Material Condition G

Figure 8.37

TEST TEMPERATURE ( F)

350 550

_

1
1

1 "• ' • T - ••" r-

o

8
n

e u FRACTURE APPEARANCE

• •j
.

r • ^^.

- /tj
1. •s

^ •
.

-

o LATERAL^V^
EXPANSION ^>w^

•

-
.

-

• /

o

-

AM HEAT 86693

L/T - 1.0

1/4 T LOCATION, 89 mm (3.5 >n.l PLATE
927°C (4 hr) F.C. + 727°C (4 hr) F.C. OR A.C.

• - LATERAL EXPANSION

-

0

o - FRACTURE APPEARANCE

__L J_ 1 1 1 llllll 1
200 240 280

TEST TEMPERATURE (°C)

320 360 480 520

Ut

Charpy V-Notch Impact Test Lateral Expansion and Fracture
Appearance Curves. Material Condition B



498

TEST TEMPERATURE I F)

350 550

40 80 120 160

VAR HEAT 55262

SPECIMENS FROM CTS #GV3
51 mm (2 in.) PLATE

TRANSVERSE

927 C I 2 hrl F.C.+727°C(4 hr) A.C
# - LATERAL EXPANSION, REPORTED

ONLY FOR COMPLETE FRACTURE

O- FRACTURE APPEARANCE

200 240 280 320

TEST TEMPERATURE 1°C)

360 400 440 500 520

£ Z

60 Sa:
z<

it
z<

50 ££

Figure 8.38 Charpy V-Notch Impact Test Lateral Expansion and Fracture
Appearance Curves. Material Condition C

Figure 8.39

TEST TEMPERATURE ( F)

150 550

AM HEAT I

UT - 1.0

1/4 T LOCATION, 89 mm (3.5 in.) PLATE
927 C ( 4 hr) F.C.+727 C (4 hr) F.C.OR A.C +510°C (1000 hr)

• - LATERAL EXPANSION

O - FRACTURE APPEARANCE

40 U

0 40 SO 120 180 200 240 280 320 360 400 440 480 520

TEST TEMPERATURE l°C>

Charpy V-Notch Impact Test Lateral Expansion and Fracture
Appearance Curves. Material Condition D



499

TEST TEMPERATURE < F)

-50 150 350 550 750 950

350 _

2 2 2 2

1

2

s0* FRACTURE APPEARANCE

/ •

300 —

•

•

•

•

'

250
~

• LATER A^\^
EXPANSION^V

•

200 o

0

•

•
V

150

• \^ •

AM HEAT 86693

100 L/T - 1.0
1/4 T LOCATION. 89 mm (3.5 in.) WELDMENT

915°C 13.5hrl F.C. + SMAW + 727QC (12 hr) F.C.
NOTCH IN WELD METAL, E9018-B3 ELECTRODES

# - LATERAL EXPANSION

50 O - FRACTURE APPEARANCE

0
1 1 1 t 1 1 I 1 1 1 t

- 0.50

TEST TEMPERATURE ( Cl

30 Z

Figure 8.40 Charpy V-Notch Impact Test Lateral Expansion and Fracture
Appearance Curves. Material Condition F

-50

350

TEST TEMPERATURE I Fl

350 550
1 —r 1 ' T

, , .,, • • -p

FRACTURE APPEARANCE

o J
•

•s

• ^ - . . , A_ • •

^9
•

•
/% LATERAL***-*^

EXPANSION ^S.

•

-

• /

o

•

•

AM HEAT 86693

L/T - 1.0
1/4 T LOCATION, 89 mm 13.5 in.) WELDMENT
915 C (3.5 hr) F.C.+ SMAW + 727°C(12 hr) F.C.
NOTCH'-3mm FROM FUSION LINE, IN HAZ
E9018-83 ELECTRODES

• - LATERAL EXPANSION

I • 1 " '

O - FRACTURE APPEARANCE

_i illlll

200 240 280

TESTTEMPERATURE <°C)

Figure 8.41 Charpy V-Notch Impact Test Lateral Expansion and Fracture
Appearance Curves. Material Condition G



TABLE 8.20

Charpy V-Notch Toughness Criteria and P-3 Drop-Weight Nil Ductility Transition (NDT) Results for
2%Cr-lMo Heat 86693. Air-Melt 89mm. (3.5 in.) Thick Plate. Properties at h T Location. Rolling
Ratio of 1.0. Also, Transverse Results for VAR Heat 55262, 51mm. (2 in.) Thick Plate.

Material

Condition

68 J. (50 ft-lb)
Transition Temp.

eC (°F)

0.89mm., (35 mils)
Lateral Expans.
Transition Temp.

°C (°F)

50Z Fract.

Appear.
Transition Temp,

°C ("F)
NDT

°C (°F)

-1 (30)

Ref

(RT

"C

-1

erence

NDT

)*
not'

CF)

A 29 (84) 11 (52) 32 (90) (30)

B -10 (14) -13 (8) 19 (66) -1 (30) -1 (30)

C (VAR?** 18 (64) -4 (25) 29 (85) -7 (20) -7 (20)

D 36 (96) 14' (58) 30 (86) -7 (20) -7 (20)

E 13 (56) 7 (45) 19 (66) -1 (30) -1 (30)

F 7 (45) -8 (18) 8 (46) -1 (30)***

G 15 (59) 0 (32) -5 (23) -1 (30)***

* Determined according to ASME B&PV Code, Section III, NB-2300.

** Bimodal fracture behavior at a given temperature resulted in a 33C* (59F*) wide transition scatter band;
values in this table are at the high temperature side of the scatter band.

*** Since Charpy transition values are similar to those of conditions A-E, assume that NDT is limiting and
results in an RTXTn_ of -1°C (30°F) .

NDT

in
O
O
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base material (condition B). Some decrease in toughness is shown

following the isothermal temper embrittlement treatment (condition D

versus B). CVN tests were cut from a VAR (C) compact tension specimen
2 1

in order to explain the relatively low fracture toughness. The CVN

transition plots indicate bimodal fracture behavior (Figure 8.33) which

results in a broad transition range. This, taken in combination with

notch sensitivity effects, satisfactorily explains the VAR KIc results.
Other important new information which was produced last quarter is on

CVN upper shelf behavior up to 510°C (950°F). No known toughness data

had previously been available at such high test temperatures, although

tests on other materials had indicated a slight decreasing trend in

toughness at 288°C (550°F). These upper shelf toughness results are

summarized in Table 8.21. It is apparent from this Table and from the

curves that there is a very significant decrease in toughness, especially

at 510°C (950°F), which must be considered. The upper shelf toughness

of 193 J. (142 ft-lb.) at 93°C (200°F) for condition B is almost halved

at 510°C (950°F). Also, at these higher test temperature (177°C [350°F])

and above), there is no significant effect of the temper embrittlement

treatment on shelf toughness. Weld metal toughness (F) is seen to be

superior to that of the base metal (B) and does not suffer as much

decrease in toughness at 510°C (950CF). However, condition G (the HAZ)

has the lowest toughness of all conditions. Although the low tempera

ture transition criteria (Table 8.20 are good for G, the upper shelf energy

is quite low, even at 93°C (200°F) and drops off at 510°C (950°F) to 57 J.

(42 ft-lb.). This valve is below the 68 J. (50 ft-lb.) ASME Code

NB 2300 criteria which is supposed to quarantee a high upper shelf energy

level. These high temperature results, thus, invalidate that aspect of

the Code toughness requirements, and must be considered in design. Further

discussion on temperature effects on toughness will follow when the JIc,

K results are presented in this report. Microstructures along the CVN
Ic

fracture edge for conditions B, F, and G are shown in Figures 8.42 - 8.44.
The structure of the base material is ferrite-pearlite-tempered bainite,

and for the weld metal is tempered bainite. The structure of the HAZ

appears to have resulted from an intercritical (two phase) treatment



TABLE 8.21

Charpy V-Notch Upper Shelf Energy Values* for 2%Cr-lMo Heat 86693. Air Melt 89mm. (3.5 in.) Thick
Plate. Properties at h T. Rolling Ratio of 1.0. Also, Transverse Results for VAR Heat 55262 51mm.
(2 in.) Thick Plate.

Material

Condition

93°C
J.

(200°F)
(Ft-lb.)

177°

J.

C (350°F)
(Ft-lb.)

288°

J.

C (550°F)
(Ft-lb.)

399°

J.

C (750°F)
(Ft-lb.)

510#

J.

C (950*F)
(Ft-lb.)

A 118 (87) - - - - - - - -

B 193 (142) 195 (144) 193 (142) 175 (129) 106 (78)

c >324 (239) - - - - - - - -

D 153 (113) 217 (160) 217 (160) 197 (145) - -

E 129 (95) - - - - - - - -

F 271 (200) 302 (223) 288 (212) 263 (194) 258 (190)

G 95 (70) 95 (70) 88 (65) 75 (55) 57 (42)

*Values from CVN curves. All tabulated energy values correspond to 100% fibrous (ductile or shear)
fracture appearance.

in
O
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which produced lamellar regions or ferrite and tempered bainite or

martensite. Electron microscopic examination of the HAZ microstructure

is required to be more certain of its identity.

J-Integral test fracture toughness results are tabulated in Table 8.19.

The multiple specimen analysis results were previously discussed.21

Subsequent to those tests a crack opening displacement gage technique25
was developed to allow the determination of ductile crack growth initiation
for single specimen evaluation of fracture toughness. This method has
proven successful, and as shown in Table 8.22, greatly increases the

information gleaned from a given number of compact tension specimens
(CTS). The CTS is described in Reference 26. The single specimen method
was employed for specimens G-19 through 1-5 in Table 8.22. Specimens

G-19, G-20, and G-22 (24°C [75°F], condition B) gave somewhat higher KIc
results than did G-6, G-7, and G-8. This is a real difference in

toughness, and is not caused by the method of analysis, since a multiple
specimen analysis of G-19, G-20, and G-22 also gives a high result. This

difference may have resulted from some variation in heat treatment, eg.
the earlier specimens were air cooled from the PWHT, whereas the more

recent ones were furnace cooled. Higher temperature KT results on
Ic

condition B show a decreasing trend in toughness, similar to the CVN

data, as temperature is increased. A specially devised clip gage with
ceramic arms was employed for these high temperature measurements. Heating
was successfully performed with an induction coil and was monitored with

thermocouples on the crack tip and ligament regions of the CTS. Typical
clip gage results to determine the onset of ductile crack growth (where

JIc and KIc are comPuted) "e shown in Figure 8.45. As theorized25 there
is an increase in crack tip gage opening rate as the crack grows. An

added bonus is the occurrence of perturbations or "blips" in this curve
as the crack grows. The first perturbation is taken as the onset of

crack growth. It is planned to attempt accoustic emission measurements

during a test in the future to gain further confidence that these

perturbations represent crack extension. Confidence is gained that this
is a meaningful measurement by the plots shown in Figure 8.46. The total

amount of ductile crack extension (measured after the test) correlates



TABLE 8.22

COMPACT TENSION SPECIMEN (50.8 mm. [2 in.] THICK) FRACTURE TOUGHNESS RESULTS FOR 2>sCr-lMo HEAT 86593. AIR MELT 89 mm. (3.5 in.) THICK WELDXEKTS
AND PLATE KITH ROLLING RATIO OF 1.0. ALSO, TRANSVERSE RESULTS FOR VAR HEAT 55262, 50.8 mm. (2 in.) THICK PLATE. SPECIMEN LOAD POINT DISPLACEMENT

RATE OF 1.52 mm./min. (0.06 in./min.).

Spec.

No.

Gl

G2

G3

G6

G7

G8

Material

Condition

GV2 C (VAR)

OV3

C10

Gil

G12

G14

G15

G16

Test

Temperature

°C (°F)

24 (75)

24 (75)

24 (75)

24 (75)

24 (75)

Ductile Crack

Extension, Aa,
at Unload.

mm. (in.)

0.25 (0.0099)
3.00 (0.1180)
0.76 (O.C•030)

0.70 (0.0276)
3.00 (0.1180)
2.90 (0.1140)

0.30 (0.0118)

0.30 (0.0118)
1.00 (0.0394)
3.50 (0.1380)

Remarks

COS* only.
Stable Aa.
Aa. Pop-in.

Aa, Pop-in.
Stable Aa.

Stable Aa.

Pop-in.
Pop-in.

Pop-in.

Aa, Pop-in.
Aa, Pop-in.
Stable Aa.

Aa, Pop-in.
Stable Aa.

Stable Aa.

Ape
mm. (in.)

J at COS** or Ape,

Jlc Ic

J./mm2 (in-lb/in.2) MPa.'nT (Ksi/inT)

18.4 (1050) 206 (187)

20.3 (1160) 216 (196)
in

9.3

11.7

6.5

(530)
(670)
(370)

145

164

121

(132)
(149)
(110)

O
in

24.5 (1400) 236 (215)

22.9 (1310) 229 (208)

* Specimens Gl - G16 were analysed by multiple specimen method (intersect J versus Aa curve with COS line for J_ ) since Ape was not determined.

** Crack Cpenir.g Stretch - no real crack extension.



TABLE 3.22 (Cont'd.)

Ductile Crack J at COS** or Ape.
Test Extension, Aa, j

MPa/57
Spec*
_No^

Material

Condition

Temperature

•C CF)
at

mm.

Unload.

(in.) Remarks mm.

Ape
(in.) J. tenia

Ic

(in-lb/in.2) (KBiyTnT)

G19 B 24 (75) 1.1 (0.043) Ductile

Crack

Extension

5.588 (0.2200) 44.5 (2544) 319 (290)

G20
'

1.5 (0.059) 5.334 (0.2100) 44.4 (2536) 318 (289)

G22 1 0.6 (0.0.24) 5.207 (0.2050) 40.0, (2287) 303 (275)

r. 71 177 (350) 1.5 (0.059) 4.445 (0.1750) 28.7 (1639) 250 (227) Ui
O

-2^ 288 (550) 0.6 (0.024) 2.985 (0.1175) 17.1 (975) 190 (173)

G23 399 (750) 1.3 (0.051) 2.972 (0.1170) 16.0 (914) 179 (163)

G24 510 (950) 0.3 (0.012) W 2.794 (0.1100) 12.4 (708) 149 (135)

G25 >' 0.6 (0.024) 3.048 (0.1200) 15.7 (897) 167 (152)

F 24 (75) Not Measurable Ductile 1.803 (0.0710) 12.5 (713) 168 (153)***

\
Crack 4.597 (0.1810) 39.7 (2267) 300 (273)****

, Not Measurable Extension 2.337 (0.0920) 15.1 (863) 185 (168)***
1 with Small 3.912 (0.154) 30.8 (1758) 264 (240)****

Pop-in's

A*

* + *

Specimens G19 to 1-5 were analysed based on Ape (specimen load point displacement at the onset of
at crack tip.

Crack Opening Stretch - no real crack extension.

Values based on Ape at first pop-in (nay have occurred in small amount of HAZ).

Values based on Ape at onset of ductile crack Extension (probably indicates weld metal toughness)

crack extension) determined by a clip gage



5S

Q r1

507

Figure 8.45 Displacement Gage Strip Chart Readings for Specimen G23
(J Integral Test) Used to Determine where Crack Extension
Initiates (Ape)
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Figure 8.46 Crack Extension (Aa) Versus Load Point Displacement Beyond
Ape (as Determined at the First Perturbance on the Crack
Tip Opening Curve)
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nicely with the additional load point displacement applied to the

specimen after the first perturbation. The fact that these curves

extrapolate through the zero point of the graph indicates that the first

perturbation signals the onset of crack extension. This figure also

shows that high temperature ductile cracks grow differently than lower

temperature ductile ones. After crack growth initiates the lower tempera

ture cracks experience an initial "spurt" in growth with little applied

increase in load point displacement. On the other hand, the higher

temperature cracks require more applied displacement to grow the crack

once it is initiated. Some of the reasons for the decreased fracture

toughness at higher temperatures are illustrated in Figure 8.47. These

are actual load-load point displacement (Ap) test curves which are used

to compute JT and KT from the area under the curve to the onset of

crack growth (Ape). Lower toughness at 510°C (950°F) results from

lower valves of flow stress, Ape, and elastic modulus. Weld metal

results (F) are also given in Table 8.22. These tests both showed

numberous, audible pop-in's as reflected on the test curve in Figure 8.48.

The usual ductile crack extension, as determined by the crack tip gage

plots occurred at a higher displacement. Figure 8.49 shows the fracture

surfaces from these weld metal tests. It appears that there is a small

region of HAZ material, which the crack ran through, resulting from an

imperfect "K" - joint in the weld. This region is at exactly the correct

location in the specimen thickness for such an explanation. It is

further reasoned that the early pop-in's occurred in this more brittle

HAZ region (based on CVN results). Therefore, the correct measurement

of J and KT for the weld metal is probably represented by the higher

values in Table 8.22, derived from the onset of ductile crack growth.

This is consistent with the CVN results, since the weld metal toughness

is approximately equal to the base material toughness (condition B).

HAZ tests, planned for next quarter, will show whether or not the lower

(pop-in) valves represent HAZ fracture toughness. All K_ results from

Table 8.22 are plotted and compared with the ASME Code Section III,

Appendix G KT„ curve in Figure 8.50. All results fall above this curve,

as desired for conservative design, at the test temperature of 24°C (75°F),

However, at higher temperatures the base material (B) falls considerably
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Figure 8.48 Load Versus Load Point Displacement (Ap) Curve for Specimen
1-3 J-Integral Test Showing Pop-In Behavior Believed to be
Caused by Small Region of Relatively Brittle HAZ Material in
this Weld Metal Test (Material Condition F)
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below the assumed shelf to the K curve. This is not in conflict with

derivation of the KT„ curve since it was derived for materials other

than 2%Cr-lMo steel. Also, no tests had been performed at temperatures

as high as those of this study. However, these test results do indicate

that current design concepts for the prevention of fracture are uncon-

servative for 2%Cr-lMo steel at high service temperatures. This effect,

which probably will be even greater for the lower toughness HAZ (G)

material when tested at high temperature, must be considered in design.

The amount of crack growth to expect in a component under these conditions

is unknown, although it is expected that a leak-before-break behavior

would exist, since this is not a brittle fracture, but is a low energy

tear fracture. In the face of crack arrest uncertainties and the

undesirability of a leak, design should be based on the results of this

study. Such design would be reflected in allowable defect sizes and

applied stresses.

High temperature weld metal and HAZ tests, as well as further base

metal tests are planned for the next quarter. Preparation of another

SMAW weldment has been initiated to evaluate weld toughness after temper

embrittlement.
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APPENDIX 8.1

SHIELDED METAL ARC WELD (SMAW) PROCEDURE DETAILS FOR
89 mm. (3.5 in.) THICK 2J«Cr-lMo STEEL TEST PLATES

Double Bevel (AWS Prequalified Joint 220-PA)

Complete Penetration Groove Weld:

Length - 122 cm. (48 in.); Width - two 31 cm. (12 in. ) plates.

Plate - SA 387 Grade 22, Class 1.

Preheat - 121°C (250°F) Min.

Interpass - 121°C (250°F) - 177°C (350°F) (Maintain at 121°C (250°F)

min. after welding commences until placed in PWHT

furnace at 316°C [600°F]).

PWHT - 727°C ± 14°C (1340°F ± 25°F) for 12 hours, then furnace

cool at less than 55.5°C (100°F) per hr. to at least

316°C (600°F).

Process - SMAW (Shielded Metal Arc weld).

Electrode - E9018-B3

Type

Position - Flat (Downhand)

Restraint - None required

Suggested Weld Procedure:

1. Attach suitable length Run-off tabs at fit-up (V-shape tabs).

Preheat for tack welding at fit-up.

2. Side #1 - In flat position deposit three stringer passes at

root with 3.18 mm. (1/8 in.) electrodes (Use preheat).

3. Side #2 - Arc air gouge side #1 root to sound metal, roughly

maintaining the 9.53 mm. (3/8 in.) radius groove contour. Check

by Magna flux, while maintaining heat. Acceptance criteria is

no indication using ASME Specified technique.
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4. Apply two to three stringer passes with 3.18 mm. (1/8 in.)

electrode in downhand (flat) position in Side #2.

5. Continue filling groove, alternating sides with each layer

applied, to maintain flatness, and using appropriately large

diameter electrodes (3.97 mm. [5/32 in.]) to flush.

6. Maintain chart showing (and numbering) each pass applied. Also,

show approximate amps, volts, and travel speed on each pass.

Large beads are desirable, but keep heat input at reasonable

level (measure).

Testing Requirements:

1. Prior to first root weld, but after fit-up, place punch marks

across joint (on both sides) to measure shrinkage.

2. Radiograph after PWHT. Meet ASME Boiler and Pressure Vessel

Code Section VIII, Div. 1 requirements UW-51. Report any

radiographic indications and their locations, even acceptable

defects.

Results:

1. All radiographs on 2 weld test plates are satisfactory to ASME

Code. No indications on radiograph reports of the 2 welds.

2. Welding parameters

Initial 2-6 passes:

135 - 145 amps

20 - 22 volts

15.2 - 17.8 cm. (6-7 in.) per min. travel

9.1 - 11.8 KJ/cm. (23-30 KJ/in.) heat input

Remaining passes:

195 - 200 amps

21 Volts

15.2 - 25.4 cm. (6-10 in.) per min. travel

9.8 - 19.3 KJ/cm. (25-49 KJ/in.) heat input

3. Joint geometry and bead sequence. See following figure.
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(Appendix 8.1)

-89 mm (3-1/2 in.)-
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9.53 mm (3/8 in.) RAD.
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Weld Joint Geometry and Bead Sequence
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Chemical Analysis Data

Creep Test Data

Base-Line Data

Correlations

Effect of Cold Work

Effect of Cycling

INDEX

Material

Inconel 718

alloy 718

2 1/4 Cr-1 Mo steel

2 1/4 Cr-1 Mo weld metal . . .

16-8-2 weld metal

Inconel 82 weld metal

Inconel 600

type 304 SS bar

type 304 SS plate

type 304 SS tube

type 304 welded plate

type 308 SS weld metal . . . .

type 316 SS pipe

type 316 SS plate

type 316 SS tube

type 330 SS

Inconel 600

type 304 SS

type 304 SS

2 1/4 Cr-1 Mo tube, weld metal

type 316 SS tube

517

Page

293

2-4

252-254,
446-488

446-488

149-150

227-230, 256

305-307,
309-313

257-258

75-81,
142-148,
340-347

348

347

142-148

255-256

88, 244-249

347-348,

422-444

365-367

303-313

78-86,
89-128,
230-241

386-400

446-488

422-444
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Test Material page

Creep Test Data (Continued)

Effect of Environment

2 1/4 Cr-1 Mo steel 265-267

Hastelloy X 266-268

Effect of Heat Treatment

2 1/4 Cr-1 Mo steel 154-167

Effect of Hold Time

type 316 SS 422-444

Effect of Sodium Exposure

2 1/4 Cr-1 Mo steel 446-488

type 316 SS tube (carburizing) . 422-444

Effect of Thermal Cycling

type 304 SS 234-236

Grain Boundary Sliding

type 304 SS 374-379

Heat-to-Heat Variation

type 304 SS 89-109

Microstructure Evaluation

type 330 SS 365-367

Multiaxial Tests

type 304 SS 257-264

Step-Load Tests

2 1/4 Cr-1 Mo steel 401-414

Elastic Constants

Dynamic Measurements

2 1/4 Cr-1 Mo steel 139-141

Hastelloy X 130-135

type 304 SS 132-141

Use in Stress Analysis

type 304 SS weld metal 149-154

Fatigue Test Data

Base-Line Data

alloy 718 2-6

type 316 SS tube 3—10
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Test Material

Fatigue Test Data, Base-Line Data (Continued)

2 1/4 Cr-1 Mo weld metal . .

2 1/4 Cr-1 Mo steel

Crack Growth Rate

Base-Line Data

ASME SA-387 Grades C and D .

SA-516 Grade 60

SA-533 Grade B Class 1 . . .

type 304 SS

type 316 SS plate, weld . . .

Effect of Cold Work

type 316 SS plate

Effect of Composition

type 316 SS plate

Effect of Environment

2 1/4 Cr-1 Mo steel

Effect of Frequency

2 1/4 Cr-1 Mo steel

type 316 SS plate, weld . . .

Effect of Hold Time

type 316 SS plate

type 316 SS plate, weld . . .

Inconel 718

Effect of Static Load

Inconel 718

Effect of Stress Intensity Factor

type 316 SS plate, weld . . .

Effect of Sodium Exposure

type 316 SS plate, weld . . .

Effect of Specimen Geometry

Effect of Temperature

Inconel 718

Effect of Thermal Aging

type 316 SS plate

Page

11-20

11-20, 18-25

314-327

315-317

319-326

381-385

418-422

287-291

287-291

273-275

271-272

418-422

287-291

418-422

291-300

291-300

418-422

418-422

273

291-300

287-291
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Test Material page

Fatigue Test Data (Continued)

Cyclic Fatigue Test Data

Inconel 82 weld metal 230—231

Cyclic Hardening Behavior

type 304 SS 60-71

Effect of Cold Work;

type 316 SS plate 287-291

Effect of Composition

type 316 SS plate 287—291

Effect of Heat Treatment

type 304 SS 28-30

Effect of Hold Time

alloy 718 2—8

type 316 SS plate 287-291

Inconel 82 weld metal 232—233

Inconel 718 291—300

Effect of Porosity

Inconel 82 weld metal 231—233

Effect of Sodium Environment

type 316 SS plate 351-356

Inconel 718 356-361

Effect of Temperature

Inconel 718 291—300

Heat-to-Heat Variation

type 304 SS 24—28

Interlaboratory Variation

type 304 SS 21-24

Life Prediction 185—219

2 1/4 Cr-1 Mo steel 40-41

Incoloy 800 38-40

type 304 SS 31_38) 43^0

type 316 SS 40-43

Mean Stress Effects

alloy 718 7—15
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Test Material Page

Fatigue Test Data (Continued)

Strain-Controlled Tests

type 316 SS plate 242-245

Hardness Data

Activation Energy

type 330 SS 370-372

Correlations

2 1/4 Cr-1 Mo steel 372-374

Isothermal Transformation

2 1/4 Cr-1 Mo steel 459-511

Relaxation Data

2 1/4 Cr-1 Mo steel 219-227

type 316 SS 248-252

Tensile Test Data

Base-Line Data

type 316 SS 241-243

Correlations

type 304 SS 78-86

Effect of Heat Treatment

2 1/4 Cr-1 Mo steel 168-181

Effect of Product Form

type 316 SS 87-88

Effect of Sodium Exposure

2 1/4 Cr-1 Mo steel 181-184

Toughness

Charpy V-Notch

2 1/4 Cr-1 Mo steel, weld .... 488-511

J-Integral

2 1/4 Cr-1 Mo steel, weld .... 488-511

Inconel X-750 327-335

Inconel 718 327-335

Drop Weight NDT

2 1/4 Cr-1 Mo steel 459-511
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