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PREFACE

This 1s the sixth of a series of formal progress reports summarizing
accomplishments in the ORNL program to develop high-temperature structural
design methods for LMFBR vessels, components, and core structures. This
report covers the period of March 1973 through June 1973. The technical
activities of the program are comprehensively reported in the text of these
reports under seven major headings which correspond to the major sections
of the program plan document. A section, which is entitled "Summary and
Status," precedes the text and gives a short synopsis of the reported prog-
ress and the status of each area. This section provides the reader with an
opportunity to survey the contents of the report prior to reading the tech-~
nical sections. The Summary and Status section also includes brief dis-
cussions of pertinent program management and liaison activities,

The program has as its goal the development of a verified high-tempera-
ture design technology applicable to the long-term operating conditions
expected for LMFBR systems. Although the ultimate objective is to develop
verified methods and criteria for reliably designing for high temperatures
and long lives, efforts are also concentrated on establishing and validat-
ing methods and criteria to be used, on an interim basis, for FFTF and
LMFBR Demonstration Plant designs. The overall program is divided into a
number of tasks which are being carried out with the participation and

cooperation of industrial groups, universities, and design code bodies.
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SUMMARY AND STATUS

W. L. Greenstreet

ORNL staff members participated in a number of ASME, Pressure Vessel
Research Committee (PVRC), and other meetings during the April through
June 1973 pericd. The PVRC meetings attended were those of the Subcommittee
on Plastic Fatigue Strength (April 18 and May 21, 1973) and of the Subcom-
mittee on Elevated Temperature Design (April 18 and May 22, 1973). The
ASME meetings were those of the Boiler and Pressure Vessel Code groups (Task
Force on Creep Analysis, Task Force on Creep~Fatigue, and Subgroup on
Elevated Temperature Design); these were held on May 22~23, 1973, and on
June 19-20, 1973. Proposed guidelines for examining propensity for ratchet-
ting and estimating accumulated strains were prepared for the May meetings
of the ASME code groups. Also prepared was a write-up on factors to be
used to account for plasticity and/or creep related reductions in bending
stresses from those calculated on elastic bases; this latter write-up was
accepted for use.

The high~temperature design standard, ¥9-L, continued to receive con-
siderable attention. Three meetings in connection with this standard were
attended; one meeting (April 3, 1973) was devoted to constitutive equations,
while the remaining two (April L and June 21, 1973) were addressed to more
general considerations.

Staff members also participated in a finite-element design application
meeting, where they gave presentations on the use of finite-element methods
in structural analyses. This meeting was held by the U.S. Atomic Energy
Commission in Germantown, Maryland, on May 3-4, 1973. The purpose was to
exchange information on the use of finite elements in nuclear physics and in
solid mechanics applications.

ORNL assisted Westinghouse Advanced Reactors Division in the design
analysis of the FFTF In-Vessel Handling Machine ({(IVHM) by performing a
structural evaluation of the under-plug shielding assembly, including sup-
port cylinder and suppressor plate. Seismic and thermal loadings were
considered; the latter were those associated with Ul and U2/NL transients,

which represent the most severe thermal events. Static and dynamic analysis
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technigques were used in examining the seismic loadings. Results of the
analysis showed that all but one of the regions investigated were adequate
as designed. Minor changes were suggested for the shielding and suppressor
plate supports. An informal technical report on the ORNL structural evalua-
tion was transmitted to Westinghouse for use in preparing the overall design
analysis report on the IVHM.

Under material behavior studies, tests are being continued to charac-
terize the mechanical, metallurgical, and chemical properties of each product
form of the type 304 stainless steel reference heat (9T2796); 1.0-in.-thick
plate was added to those forms which are being examined on a priority basis.
Room temperature stress~strain curves to 2% strain show that differences
observed for as-received material (yield stress range from 26,500 to 34,400
psi) were greatly reduced by reanneal (yield stress range of 26,000 to 27,700
psi). Stress rupture data, which were obtained using reannealed specimens
from seven product forms, do not indicate large differences in rupture life
associated with product form or with specimen location and orientation
relative to the stock material. The minimum creep rates for these seven
product forms differed by only small amounts.

A machine to be used in performing creep-plasticity interaction studies
was made operational and preliminary experiments were initiated. In addition,
a new 50,000-1b electro-hydraulic testing machine was commissioned during
this quarter.

Special stress-strain tests were performed on specimens from the ref-
erence heat (9T2796) to allow careful exploration of inelastic behavior at
relatively low strains. It was again shown that deviations from linearity
begin at low stresses and develop gradually at stresses below 10,000 psi.
The nonlinearity causing mechanisms at low stresses remains to be studied
and identified.

Studies on the influences of thermo-mechanical variables on creep rup-
ture of the type 304 reference heat material have been deemphasized. Re-
annealing at temperatures in the range from 1850 to 2050°F did not produce
discernible changes. In addition, cooling rate was found to be unimportant,
except in the case of a very slow rate.

Lffects of cyclic deformation on subsequent creep behavior at 1100°F

is being examined. Results obtained suggest that small amounts of cold



viii

work have very little influence on subsequent creep response. In the case
of cyclic creep loading, the creep rates were lower than indicated by
monotonic-loading test results. The cumulative creep curve for one cycled
tubular specimen paralleled that for a second monotonically-loaded tubular
specimen, but both curves were below that for a monotonically-loaded rod
specimen.

Results from a multiply loaded relaxation specimen show that relaxa-
tion hardening is a gradual process. Each reloading to the original stress
produced a relaxation curve which was slightly above the previous curve. In
another study, it was shown that the hardening influences of creep strains
are about the same as in the case of plastic strains. Although this is in
agreement with other observations, additional testing is needed to clearly
establish this suggested equivalency.

Constitutive equation development work in the elastic-plastic behavior
category included completion of two additional experimental studies of de-
formation response and yield surface behavior. Nonradial loading histories
were imposed in each case. Development work was also carried out on a
differential-capacitance type strain measuring device. This device has
potential for providing strain measuring precision at high temperatures
that will allow us to improve our investigative ability, especially as
related to details of elastic-plastic deformations and to creep- and plastic-
deformation interactions.

We are also pursuing improvements for inelastic analysis guidelines by
investigating formulations which will give quasi-continuous changes in the
size of the yield surface, as measured by K. These formulations are to
include temperature and plastic strain as variables and are to apply for
arbitrary loadings. A promising expression for isothermal loadings was
derived and applied in the analysis of beam test B6; the cyclic elastic-
plastic behavior results from this test have been employed in several com-
parisons. The latest predictions overestimated the strains for the second
half of the first cycle, but reasonably good agreement was obtalned for
the second cycle.

Preparations were made to reinstate studies at Yale University. These
studies are to deal with thermomechanical behaviors of structural materials
and mataematical representations of these behaviors. As the planned theo-

retical studies progress, test recommendations will be provided to ORNL on a
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continuing basis for possible incorporation into experimental activities of
the overall program.

At Brown University, a multiaxial stress (tension-torsion) creep test
(test No. 7) on a thin-walled tubular specimen (No. L4-304-16) was completed.
After the stresses were removed, the specimen exhibited an elastic recovery
followed by a slight time-dependent recovery.

Although the conditions for test No. T were similar to those for an
earlier test (test No. 2), the creep rate for No. T was in better agreement
with results from other tests at the effective stress of about 15,000 psi.
The creep rate was an order of magnitude higher at 120 hours in test No. 2.
Generally, the overall 120-hr creep rate results for an effective stress of
15,000 psi indicate that the strain rate vector decreases in magnitude as
the stress state is changed from pure tension to pure torsion. This obser-
vation along with consideration of the directions of the strain rate vectors
indicate that an ellipse associated with creep differs somewhat from a
von Mises ellipse.

Fabrication was completed on four additional specimens at Brown Univer-
sity. Two of these have been prepared for testing. In addition, equip-
ment is being prepared for creep testing in compression.

As a part of failure studies, fatigue tests were completed at Penn-
sylvania State University on 15 specimens at 1200°F and 6 specimens at
1000°F. This brings the total number of specimens tested to 91; 10 were
tested at room temperature, 21 at 1200°F, and 6 at 1000°F. In the room
temperature and the 1200°F tests, the torsional shear strain range to axisl
strain range ratios were 0.5, 1.0, and 2.0; they were 0.5 and 1.0 in the
1000°F tests. The number of cycles to failure ranged from 1,075 to 11,550
at room temperature, from 100 to 12,800 at 1200°F, and from 680 to 3,178 at
1000°F.

Using the octahedral shear strain as an index, the room temperature
biaxial data show a linear correlation on a log-log plot of strain vs number
of cycles to failure. Pure torsional data fall above the axlial and biaxial
test data in this case. A linear relationship is also exhibited by the 1000°F
results, but the 1200°F results indicate a bilinear correlation with a tran-
sition at about 10° cycles. For a life of less than 10° cycles at 1200°F,
the reduction from that given by the room temperature data is about 10. At

1000°F the reduction factor is about L.



Uniaxial-constant and step-load tests are being continued by Babcock
and Wilcox. The five constant load tests that were in progress during the
last reporting period remain in test, with no failures having occurred. The
total test times range to 9000 hours. Similarly, the six step-load tests
under way during the last period are still in progress; each specimen has
undergone two load changes.

New tests were initiated on three specimens in the so-called "inter-
rupted" constant-load series. The objective for this series is to obtain
information on material degradation as a function of creep exposure through
destructive examinations.

Investigations are underway to identify sources for differences between
results from creep and from rupture machines. A test now in progress
indicates that differences between strains determined from measurements over
the load train and those from measurements over the specimen gage length do
not account for the overall discrepancies. The influences of specimen
bending remain to be determined.

The first tubular rupture specimen was loaded in simple tension. Creep
testing was delayed due to a minor failure in the loading systemn.

Structural analysis methods development and evaluation work resulted in
notable advances during this period. The computer program CREEP-PLAST has
undergone further improvements in the form of user-oriented operational
modifications to improve versatility, lower computational costs, and to
overcome minor limitations. The heat conduction analysis capability, which
was developed by General Electric under ORNL subcontract, is being incor-
porated into the ORNL version of the program. Since incorporation of this
expanded capability will be completed in the immediate future, release and
distribution of the expanded version is announced in this report, and
request forms are provided.

Verification and qualification examinations have included continued
studies of elastic-plastic test results from thin-walled cylinders. These
studies highlight the very clcse and interwoven relationships between stress
and plastic strain increments during plastic loading, yield surface size,
motion of the yield surface, and the direction of the plastic strain incre-
ment vector. Because of these interrelationships, directions for modifica~

tion of the stress-plastic strain equations must be considered carefully and
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in broad terms. Again, these studies show that bilinear stress-strain
representations better approximate experimental results than the nonlinear
representations used.

Debugging of EPACA is continuing; sources for errors, as noted in the
last progress report, were identified and eliminated. An elastic analysis
of an elbow subjected to an in-plane bending moment was completed and the
results compared with experimental data. Agreement between the two sets of
results is very good.

Although much additional debugging remains and only the two qguadri-
lateral elements from the eight-element library can be used at this time,
the current version of EPACA is being offered to the public. It is expected
that experiences by other users will be very helpful in the remaining
debugging and verification processes.

During this period, & mathematical representation for isochronous
stress-strain behavior was selected and used in pseudo-elastic-plastic type
analyses of sample problems at Battelle Columbus Laboratories. Incorpora-
tion of this analysis feature into the basic spatially three-dimensional
computer program, PIRAX, for treating piping systems will be done in the
near future. All of the components for the elbow and straight pipe test
assembly are on hand and are being carefully examined before final anneal-
ing and welding.

In the structural test area, six types of specimens are presently being
employed. These are simply-supported beams, simply-~supported circular plates,
capped cylindrical shells, finite-width plates with circular holes, stiffened
shear-lag panels, and straight pipes subjected to thermal transient conditions.

Two beam tests, BT and B8, which were deflection controlled, have been
completed. These tests were conducted at 1100°F and the specimens were
made from the reference heat of type 304 stainless steel. In the second
test, B8, ten short-time cycles were imposed both before and after the
creep loading period, while for BY short-time cyclic loading was applied
only at the end of the creep loading period. Deflection and strain measure-
ments were made using DCDT's, dial gages, and Ailtech SG-L25 strain gages.

Calculated and experimental results for test BT were compared. Good
comparisons were found in the case of elastic-plastic response, and the

time-dependent responses were in good agreement. The agreement between
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meastred results and predictions is markedly better than for previous load-
controlled tests. This is as expected and is significant because inelastic
loadings in practice are largely deformation controlled.

Another pair of beam specimens is being prepared for load-controlled
tests B9 and B10. These tests will duplicate previous load-controlled tests
B5 and B6.

Two deflection-controlled circular plate tests, CP3 and CP4, were also
completed during this period. The test temperature was 1100°F and the
specimens again were made from reference heat material. In the first of
these, CP3, ten short-time cycles were imposed at the beginning of the test
and a’ter the creep test period; for the second, short-time cyclic loading
was inposed only after the creep period.

Two of the cylindrical specimens from the second series of weldment
creep-rupture tests were inspected after reaching a total test time of 2000
hours. The deformation-time histories, as established by periodic measure-
ment results, show continuously increasing circumferential strains in the
base wetal portions of the cylinders. Those regions made from pipe material
continue to exhibit larger strains than those made from bar.

Accumulated strains for the weld material of both specimens inspected
are very small in comparison to those for the base metal. Further, no
trends are discernible for the weld material strains.

One specimen failed during this period after being under test con-
ditions for about 1140 hours. The failure was in the weld region. Fol-
lowing dimensional inspection, this specimen is to be sectioned for visual
and metallographic examination.

Detailed data reductions for the weldment creep-rupture test specimens
are being continued. Refinements were made in the mathematical descrip-
tions of the deformed specimens to achieve improved results.

At Catholic University, a trial stainless steel specimen was tested
in the furnace which was fabricated as a part of the project being carried
out. The test temperature and the loading cycle used were the same as
those specified for the actual investigation. Photographs were taken at
intervals to provide preliminary results for moire method analysis and

study.
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Tmprovements in contrast relative to the 500-lines-~per-inch gratings at
llOObF continue to be pursued. Efforts have been made to minimize oxida-
tion in the furnace and control of interline changes by the introduction
of various substances is being studied.

Good progress is being made on the Boeing Aerospace Co. project to
test shear-lag panels. Machining, straightening, and annealing of a second
shear-lag specimen was completed; tensile tests were conducted and grain size
determinations were made. The heating system was subjected to preliminary
checkout and modified to achieve the desired temperature distribution con-
trol. BSimilarly, quasi-final modifications were made to the loading system.
Finally, the first specimen was instrumented for room temperature, 500°F,
and 1100°F load tests, and the signal conditioning and control equipment was
set up.

An important achievement during this period was successful completion
of the pretest runs on the Thermal Transient Test Facility (TTTF) and
operation through the first ten thermal transient cycles on the first test
specimen. Each cycle consisted of a ramp reduction in the sodium tempera-—
ture from 1100°F to 800°F in about ten seconds, restoration of the sodium
temperature to the 1100°F level after a short hold period at 800°F, and
160 hr of sustained operation under TOO psi internal pressure at 1100°F.
Facility performance was very good throughout, and markedly good strain
data were obtained from the Boeing capacitance strain gages.

Subsequent to this reporting period, the specimen was subjected to four
additional cycles to complete the test sequence. Data from the Boeing
capacitance gages were obtained for the first three of these cycles.

Inelastic ratchetting analyses were made on the basis of measured tem-
perature and pressure histories and the ORNL-recommended constitutive
equations for elastic-plastic and creep behavior. Very good agreement
was found between the calculated and measured results. Further, it was
shown that these calculated results compared better with the experimental
data than those obtained when other selected elastic-plastic behavior

representations were used.
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Cycle conditions for the second specimen were selected. These are:

a downshock rate of 23°F per second, 40O psi internal pressure, and a 328 hr
hold time. Minor test section and system modifications are planned for

ease of service and improved operations. Fabrication of the second test
piece was completed.

In the design criteria area, analytical studies of ratchetting were
continued. Comparisons were made between results obtained using rigorous
inelastic analysis methods and those from calculations based on two simpli-
fied methods. For the 51 cases considered, it was found that the two simpli-
fied methods gave conservative results. In addition, comparison with ex-
perimental results from LMEC beam tests further substantiated that conser-
vative predictions are given by the two methods.

A second study involved the shape, or section, factor, K, used in ASME
Code Case 1331. This study further identified the role of the shape factor
and yielded numerical values to be used,.

Compilation and development of design criteria for core structure com-
ponents are being continued. Correlations of mechanical properties data
for types 304 and 316 stainless steel are presently central parts of these
on-goirg efforts. Application of data and correlations to the development
of such items as strain limits and fatigue data adjustment factors is also

underway.



0. INTRODUCTION

This 1s one of a continuing series of progress reports describing work
under the LMFBR program task to develop a structural design technology and
assoclated design criteria applicable to LMFBR system components. This is
the sixth quarterly progress report (previously reports were issued on a
monthly or bimonthly basis) and it covers the period April through June 1973.

The purpose of the high-temperature structural design methods program
is to develop a verified structural design technology applicable to LMFBR
components and core structures, excluding fuel elements. Included in the
components category are such items as pressure vessels, piping, heat ex-
changers, pumps, and valves. This technology, which is to embrace the
areas of materials properties and behavior, mathematical analogs for the
description of material response, structural analysis metheds, and design
criteria, is to te developed on theoretically consistent, rational bases
and experimentally verified.

In the development of this design technology, careful assessments are
to be made of both elastic and inelastic structural behavior under condi-
tions of elevated temperatures and, in the case of core components, high
neutron exposure. Responses of interest are stress and strain behavior,
dynamic response, structural instability (buckling), brittle failure, and
failure through creep rupture, fatigue, creep~fatigue interaction, or crack
propagation. Therefore, the structural analysis methods and design criteria
are to be capable of reflecting or including the environmental and loading
condition influences and lead to rational assessments of the consequences of
the resultant effects on structural behavior and integrity.

Two objectives are to be served by the program. In addition to the
development of the required technology as an end product, interim needs for
structural design guidance, methods, and criteria are to be met on a con-~
tinuing basis. In the initial phases of the program, existing knowledge and
data concerning material behavior, existing constitutive theories and
structural analysis methods, and existing design rules and criteria were
thoroughly exploited to meet design requirements and to help establish bases
for identification and pursuit of program activities aligned with the two-
fold objective. Thus, the activities established for the near-term lead

naturally toward those for the long-term.



The overall program is currently comprised of seven major tasks.
These are:

1. Material Behavior Tests

2 Constitutive Equation Development

3. Failure Studies

L Development, Evaluation, and Distribution of Structural

Analysis Methods and Tools

5. Inelastic Structural Tests

6. Design Criteria

7. Core Structures Design Criteria and Data
Starting with this issue, these major task headings are adopted for use in
the progress reports; the organization will, therefore, be similar to that
of the program plan document. The task numbers shown above will be maintained
for the indicated tasks regardless of whether or not all tasks are reported
in a given report. These reports include work performed under subcontracts
as well as work performed at the Oak Ridge National Laboratory. The reader

is referred to the preceding reports for background information.



1. MATERTIAL BEHAVIOR TESTS

R. W. Swindeman
H. E. McCoy
W. R. Martin

1l.1. Characterization of Product Forms

H. E. McCoy

Tests to characterize the mechanical, metallurgical, and chemical
properties of each product form of the reference heat (9T2796) of type 30L
stainless steel have been outlined in Ref. 1. Further, Ref. 1 assigned an
item number to each product form of the reference heat, and testing pri-
orities given for eleven product forms. Previous reports of status and
test results are given in Refs. 1, 2, and 3. Testing and data consolida~
tion are continuing.

Table 1.1 lists some of the properties for ten of the product forms.
The 1 in. plate has been added to the previously cited eleven priority
product forms, and characterization testing has just begun on the 3/8 in.
and 1 in. plates (items numbered 4 and 7, respectively, in Ref. 1). The
grain sizes of these ten products varied from ASTM 1 to 7, with some of
the products having a wide variation within themselves. Tensile tests have
been run at 25°C for 5 of the product forms in the as-received and reannealed
conditions. The stress-strain curves to 2% strain are shown in Fig. 1.1
for the as-received material and in Fig. 1.2 for the reannealed material.
The yield stress of the as-received products varied from 26,500 to 34,400
psi, but the work-hardening rates appear the same after a few tenths of
percent strain. The yield stress of the reannealed material varied from
26,000 to 27,700 and the curves to 2% strain almost superimpose (Fig. 1.2).

The results of chemical analyses for C, 0, and N are given in Table 1.1.
The carbon content varied from 0.050 to 0.056% and the nitrogen content
from 0.040 to 0.051%. The quoted reproducibility for each analysis is *5%;
the carbon analyses fall within this range and the values for nitrogen have
a span of about *10%. The oxygen analyses varied from 0.0046 to 0.0089 for
eight of the products and values of 0.018 and 0.0l1 were noted for two
products. Check analyses indicated concentrations of 0.019 and 0.01L%,



Table 1.1. Information on several product forms of type 304 stainless steel, heat 9T2796

Yield Stressb

Hardness, Initial . Chemical Composition, %c
Product form Tten Specification RB ASTM grain at 25°C ksi
number Initial Annealed? size C 0 N
Initial Annealed
Pipe, 8-in. Schedule 80 11 A-376 73 69 5—6 30.3 26.0 0.056 0.018 0.0k2
26.5 0.019 0.042
Pipe, l-in. Schedule 160 10 A-376 73 63 5—6 31.7 26.7 0.052 0.0089 0.051
32.3 26.5
Bar, 4 1/2-in.-diam 22 A-U4T9 67 67 2—3d 30.8 26.5 0.051 0.0062  0.049
3—5¢ 26.1
Bar, 2-in.-diam 21 A=LT79 89 65 5-6d 0.053 0.0049  0.048
6—T7¢
Bar, 1 3/b-in.-diam 20 A-4T79 81 65 5—6 0.052  0.0062 0.0L8
Plate, 1/2 in. thick 5 A-240 73 66 5—6 0.052 0.0075 0.0L6
Plate, 3/4 in. thick 6 A-2L40 65 65 5—6 344 26.0 0.051 0.011 0.048
0.01L 0.0k4L
Plate, 2-in. thick 8 A-240 59 66 1-3 27.7 27.7 0.055 0.0086 0.0L40
26.6
Tube, 2 1/2-in.-0.D. X 51 A-bT9 88 65 67 0.051  0.0053 0.050
5/8 in. W (H.R.)
Tube, 2 1/2-in.-0.D. X 15 A-3T6 Th 67 36 0.050  0.0046  0.047

5/8 in. W (C.D.)

%1 /2 hr at 1093°C (2000°F).

Pstrain rate of 0.004 min-t.

forming direction.

A1l samples parallel with the primary

®Four product forms were analyzed for trace elements and the following levels apply to all four forms: <.01% Ag,
0.05% Al, <0.01% B, <0.0l% B, <0.005% Be, <0.02% Bi, <0.1% Ca, <0.1% Cb, <0.1% Cd, 0.3% Co, 0.3% Cw, 0.01% Mg, 0.02% Pb,
<0.05% Pt, <0.02% Sn, <0.1% Sr, 0.05% Ta, <0.02% Ti, 0.03% V, <0.1% W, <0.2% Zr, <0.05% Zr, <0.05% Ge, 0.05% Ga. The
concentrations of other alloying additions are 1.22% Mn, 0.029% P, 0.012% S, 0.47% si, 18.5% Cr, 9.58% Ni, 0.10% Mo.
dLongitudinal plane.

e
Transverse plane.
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Fig. 1.1. Room temperature stress-strain properties for several
product forms of type 30L stainless steel (heat 9T2796) in as-received
condition.
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Fig. 1.2. Room temperature stress—-strain properties for several
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hour at 2000°F.



respectively. Thus, the oxygen concentrations in the product forms indicate
variations far outside the #5% reproducibility of the analysis. Metallo-
graphiz studies in progress should indicate whether the inclusion count is
significantly different for the product forms.

Stress-rupture properties at 1100°F for reannealed samples are shown
in Fig. 1.3 for seven product forms. Three stress levels were involved
and samples were taken from several locations and orientations within each
product. The results obtained to date do not indicate a large difference
in the rupture life due to variables of product form, specimen location,
or specimen orientation. The rupture life of the 2 in. plate does seem to
be slightly shorter, but the difference is not large.

The minimum creep rates for these same products are shown in Fig. 1.k.
The differences among different product forms seem guite small and random in
nature. The 2 in. plate, that seemed inferior based on the short-time
rupture tests shown in Fig. 1.3, does nct appear different from the other

products on the basis of minimum creep rate.

1.2. Exploratory Testing
to Identify Behavioral TFeatures

R. W. Swindeman

1.2.1. Stress-strain testing

FProgress was made in the development of laboratory testing facilities.
A machine to perform creep-plasticity interaction studies was placed in
operation. The first testing involved a number of strain-cycling experi-
ments to check the capability relative to the servo-controlled electro-
hydraulic machine. Results are summarized in Fig. 1.5 which plots the
stress range against strain range for the tenth cycle of fixed strain
range cycling at three temperatures. The performance was satisfactory and
we are now in a position to begin interspersing creep and cyclic plasticity
over time periods extending to at least 2000 hr,

A new 50,000 1b electro-hydraulic testing system was commissioned dur-
ing the last quarter. We are currently investigating different specimen,

grip, and extensometer designs.



ORNL-DWG 73-7225
T

I T TTTTT T T TTTTT T T T 77777

. 8-in. SCHED 40 PIPE
00
35,000 psi ' (AXIAL DIRECTION)
30,000 psi 1 SECTION {
25,000 psi SECTION 2

) 4-in. SCHED 160 PIPE

35,000 psi ) (AXIAL DIRECTION)

30,000 psi [ SECTION ¢
25,000 psi SECTION 2

35,000 psi 4" -in.-DIAM BAR

30,000 psi [ INSIDE LONGITUDINAL
) OUTSIDE LONGITUDINAL
25,000 psi TRANSVERSE

Y5-in.-THICK PLATE

35,000 psi £] PARALLEL
30,000 psi 45°
25,000 psi 23 PERPENDICULAR
. ¥a-in.-THICK PLATE
35,000 ps 4
P! [ PARALLEL
30,000 psi 45°
25,000 psi PERPENDICULAR
[ 35000 psi Lo 000 psi 2-in.-THICK PLATE
] 25,000 psi [ PARALLEL
2% -in.-0D x Yg-in.-WALL TUBE
) C_1 SECTION 1§
30,000 psi SECTION 2
1 A | 1 [ 1
1000 10,000

RUPTURE TIME (hr)

Fig. 1.3. Stress-rupture properties at 1100°F of several product
forms of type 304 stainless steel (heat 9T2796) reannealed 1/2 hour at
2000°F.



T Tt

A IAIATAAA ”Adt 35,000 psi
e, 7773 30,000 psi

5000 pei ‘ |

| | |
S — i — S 7335,000psi
B - ey 30,000 psi
Z T2 E8,000 psi \

g 7 77 L T 35,000 psi
T e 30,000 et \

73, 35,000 psi
i
35,000 psi

LA

— ;
T TR T 25/000 psi \

1557500 pei

ORNL-DWG 73-7226

B-in. SCHED 40 PIPE
(AXIAL DIRECTION)
1 SECTION 4
SECTION 2

4-in. SCHED 160 PIPE
(AXIAL DIRECTION)
) SECTION ¢
P71 SECTION 2

4Y% -in.-DIAM BAR

(7] INSIDE LONGITUDINAL
OUTSIDE LONGITUDINAL
TRANSVERSE

Y2-in.-THICK PLATE
3 PARALLEL

45°

EE3 PERPENDICULAR

¥a-in-THICK PLATE
(] PARALLEL

45°
PERPENDICULAR

TorrioTT T T

—r:ﬁ 30,000 psi

30,000 psi [ PARALLEL

— ﬁl 257000 psi- ‘
! ‘ i

T )35,0000psi 2-1n.-THICK PLATE \

— 2Y-in.-0D x Yg-in.-WALL TUBE |
., ; 7T 38,000 Pl FCI S \
E T2 N 20 SECTION 2
Lo il 0 HJAJ U DU T VI OO GO I B
Q.00 0.01 [eR] 1 10
MINIMUM CREEP RATE (%/hr)
Fig. 1.%. Minimum creep rates at 1100°F for several product forms

of tyre 304 stainless steel (heat 9T2796) reannealed 1/2 hour at 2000°F.

ORNL-DWG 73- 7364

100
/ :
_ 80O
5
a
(e
3
= & ] ‘,__{__'
< 60
) /
(]
Z / ]
P /
= 40 09 CREEP-PLASTICITY MACHINE
] ~ 0 ROOM TEMPERATURE
2 ® B00°F (427°C)
» A 1000°F (538°C)
6 o0 STRAIN-CYCLING MACHINE
< o ROOM TEMPERATURE
® B800°F (427°C)
A 1000°F (538°C) ’ J
o 1 1 |
0 0.5 1.0 1.5 2.0
A€, CYCLIC STRAIN RANGE (%)
Fig. 1.5. Comparison of tenth cycle hardening data obtained on dif-

ferent machines for type 304 stainless steel (heat 9T2796 1 in. plate
Item 7) reannealed for 1/2 hour at 2000°F (1093°C).



Several tensile tests were performed on the reference heat type 304
stainless steel (heat 9T2796, 1" plate) for the purpose of exploring the
inelastic behavior at relatively low strains. It has been reported

4,5

earlier that, between the 0.1 percent lnelastic offset strain and the
uniform strain at the ultimate, the Ludwik equation provides an excellent
representation of the true stress~true strain behavior for laboratory re-
annealed material. Not included in this representation were inelastic off-
set strains in the zero to 0.1 percent range and these, of course, are
often the most commonly experienced strain levels in design analysis. A
tracing of a stress-strain curve obtained at 1100°F is shown in Fig. 1.6.
This curve is shown along with three other stress-strain curves which cover
temperatures ranging from 800 to 1100°F in Fig. 1.7. All tests were per-
formed under servo-controlled conditions at a strain rate of 0.005/min.

Low load cycling showed that the extensometer turn-around error and sensitivity
corresponded to strain values less than 10-°. We observed that the elastic
limit of the curves was difficult to detect. Assuming the static moduli
values provided in the ASME Code Case 1331 to be correct, we found as
indicated in Fig. 1.6 that the 107° offset stresses were between 5,000 and
8,000 psi. Deviations from linearity developed gradually at all tempera-
tures as shown in Fig. 1.7. Above a strain value of approximately .0005
in./in., the strain hardening rate (tangent modulus) rapidly changed and
approached a near constant value which was maintained for several percent
strain. The deviation from linearity below the knee of the stress-strain
curve could be the result of several causes. Among them are the usual
anelastic strain, which is recoverable, and true microyielding which is not
recoverable. Causes of microyilelding could result from eccentric loading,
residual stress due to handling of the specimens, or the movement of favor-
ably oriented mobile dislocations. At the present time available data are
not sufficient to identify which of these causes of microyielding may have
been operative, however, it does appear that the associated strains do not

exceed the elastic components.
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1l.2.2, Creep testing

.Testing to examine the influence of thermo-mechanical variables on
the creep-rupture response of the reference heat of type 304 stainless
steel (9T2796) is continuing. It was reported earlier6 that the reanneal-
ing temperature did not have an important effect on the creep behavior of
1 in. plate (Item T), especially when the reannealing temperature was in
the 1850 to 2050°F range. Likewise, the cooling rate effect was not pro-
nounced except for a very slow rate, which greatly improved the ductility
and the rupture life. Studies on the effects of heat treatment are con-
tinuing, with a reduced emphasis, and are to include two other product forms
[5/8-in.-diam bar, HRAP (Item 18) and 5/8-in.-diam bar, cold drawn (Item 23)].

Currently, attention is being given to the influence of cyclic deforma-

tion on subsequent creep behavior at 1100°F. Several specimens reannealed
at 2000°F were subjected to ten cycles at room temperature over a one percent
strain range. This treatment raised the yield strength from a nominal 26,000
psi to about 35,000 psi, which is more typical of type 304 stainless steel
plate in the A-240 condition. Creep tests were then initiated at 1100°F and
over the stress range from 15,000 to 35,000 psi. The results obtained to
date are summarized in Fig. 1.8 where they are compared to the minimum-creep-
rate and rupture-life trend curves developed from tests on reannealed
material. The data suggest that small amounts of cold work do not greatly
influence the subsequent creep behavior. The significant difference in
the loading strains is, of course, not shown here. The reannealed material,
for example, had a yield stress near 11,000 psi at 1100°F, while the pre-
cycled material had a yield stress near 17,500 psi at 1100°F. The similarity
in creep properties of the two conditions may, in fact, be due to the influ-
ence of loading strains. We have seen that the "warm-work," which is associated
with the loading of reannealed specimens to very high stresses (greater than
or equal to 30,000 psi), actually depresses initial creep rate for a short
period.T We have also observed that the insertion of a large plastic strain
pulse in a creep test being conducted at a very high stress (greater than
or equal to 30,000 psi) also depresses the creep rate for a short while.
Conversely, we have found in these present investigations that small pre-

cycling strains increase the primary creep at high and intermediate stresses.
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Similarly, small plastic strain pulses can alsc accelerate creep at inter-
mediate stresses (15,000 — 20,000 psi), at least for a short time.T Two
data points are included in Fig. 1.8 which show that the influence of pre-
eycling at 1100°F is similar to precycling at room temperature.

Two of the cyclic creep tests described in the last quarterly6 were
discontinued recently. Specimen TCRP12 (+22,000/—20,000 psi) was stopped
after 9 1/2 cycles (3192 hr) and exhibited about 6% accumulated strain.
Specimen TCRP9 (+24,500/—22,500 psi) ruptured after 11 1/L4 cycles (3723 hr)
with 20 percent accumulated strain. We have observed, even during the
initial constant load hold period, lower creep rates in these cyclic creep
tests than we expected from our monotonic test results. Post test load,
temperature, and extensometer calibrations eliminated apparatus error as a
reason for these differences. Two other possibilities are that cold work
was introduced into these tubular specimens during extensometer attachment
and at the large strain levels of some tests, the Poisson's contraction was
restrained by the specimen shoulders and this set up a stress condition that
retarded the axial creep rate. In Fig. 1.9 a comparison is made between two
monotonic curves and the cumulative creep curve constructed from the cyclic
creep test. Specimen TRP155 was a conventional monotonic creep-rupture
specimen, 1/L4 in. diam and 2.25 in. gage length. Specimen TCRP13 was a
tubular specimen identical to the cyclic test specimen TCRPO (0.6 in. diam,
0.06 in. wall, and 0.5 in. gage length). The creep behavior of the mono-
tonic tubular specimen parallels the cumulative creep curve of the cyclic
specimen. Both are below the curve produced by a conventional test of the
rod specimen. The most significant difference is in the time for tertiary
creep and rupture. These are greater for tubular geometry. Cyclic creep
test data for all tests performed are summarized in Fig. 1.10 which plots
the log cyclic creep strain component against log stress for the first,
second, and fourth cycles., These data are compared to monotonic trend

curves.
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1.2.3. Relaxation testing

No relaxation tests were performed in the last quarter. The results
obtained from earlier testing periods are still being studied. Some pre-
viously unreported results of interest involve multiple loadings and plots
of behavior patterns at 1100°F are included in Fig. 1.11. Our findings
were that the relaxation hardening was falrly gradual for this heat of type
30k stainless steel (heat 9T2796). In other words, each reloading to
the original stress, after a period of relaxation, produced a curve which
was slightly above the previous curve. Such behavior, of course, was
expected. The slow increase in the resistance to relaxation implied by
these results is in qualitative agreement with the relatively slow rate
of harcening we have observed under monotonic creep conditions for this
heat of type 304 stainless steel. Some checks were also made to see if
relaxation rates after reloadings which included a large plastic strain
(about .2%) were different than when the reloading plastic strains were
small (less than .1%). We observed no meaningful trend. At first glance,
this behavior conflicts with our previous observation, based on creep data,
that plastic strain pulses accelerate creep rates for a short interval at

. . 1’
intermediate stresses.

1.2.4. Creep-plasticity testing

The first results obtained from creep-plasticity interspersion tests
are summarized in Fig. 1.12. As indicated, about 1.13 percent strain
range was introduced in the first cycle. After the specimen had yielded
in the second tensile loading, the specimen was placed under a creep con-
dition. This occurred near a strain of minus 0.2 percent strain. The
creep stress was held at 15,000 psi for 165 hours (approximately one week).
This produced about 0.2 percent creep strain. A second plastic loop was
then introduced. We observed a small strain aging peak, which is quite
typical for these testing conditions, then the flow curve returned to a
pattern which we expected for continuous cycling. These data suggest that
the hardening influence of creep strains is about the same as plastic
strains for these very specific conditions. This is in qualitative agree-
ment with the results we obtained from tests which were relcaded after relaxa-

tion periods around 100 hours. The step load creep tests, on the other hand,
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often showed the creep strains are more hardening than plastic. The creep

strains were accumulated over longer testing times, however (three weeks).
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2. CONSTITUTIVE EQUATION DEVELOPMENT

2.1. Elastic-Plastic Behavior

K. C. Liu

2.1.1. Experimental tests

Experimental elastic-plastic deformation and yield surface behavior
studies at room temperature were continued as a part of a concerted effort
to obtain key information on type 304 stainless steel behavior under gen-
eral biaxial stress loadings within a relatively short period of time. The
results obtained will form the basis for improved hardening law development.
Two sets of programmed nonradial biaxial stress tests at room temperature
were performed during this reporting period.

The tests are best described by referring to the diagram of Fig. 2.1.
This diagram shows loading path directions which must be examined to permit
meaningful characterization of subsequent loading response for a specimen
that has been preloaded along a path such as OP. The reasons are as follows.

Consider proportional, or radial, loading of a specimen from the virgin
state at point O to the stress state at point P in the plastic region of
the biaxial stress space shown in Fig. 2.1. The classical kinematic harden-
ing theory assumes that the initial yield surface translates rigidly in
the stress space as the stress point is moved along loading path No. 5 to
point P. Any subsequent unloading from point P within the yield surface
through that point will not alter the shape or position of the surface. The
linear hardening hypothesis of the classical theory results in a flow rule,
or an incremental stress-strain relation, which gives the same increment of
plastic strain for a given increment of stress in the normal direction,
regardless of the location of the stress point on the subsequent yield sur-
face. Further, the motion of the surface is determined in all cases by a
constant which relates the translation of the yield surface and the plastic
strain. Consequently, any radial locading from the center, O', of the sub-
sequent yield surface toward the outside, such as locadings along paths Nos.
1, 5, 6, 7T, and 8, will yield stress-strain responses which do not depend

upon direction with respect to the prestraining path OP.
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Directional invariance can be considered only as a first approximation.
This is shown by the results of our previous tests8 for cyclic loadings in
biaxial stress space. Proportional loading from the origin in the direction
of path No. 5 in Fig. 2.1 followed by completely reversed loading from point
P along path No. 1 is a typical combined stress cyclic loading history.
Results from this type loading show that the plastic strain rate at peoint
P in the direction of path No. 5 is much higher for a given stress rate
than the strain rate at point D in the direction of loading path No. 1 for
the same stress rate. A continuous change in plastic strain rate for a
given stress rate would be expected to occur with direction of loading be-
tween these two extremes when the lcadings are radial with respect to the
current surfaces. However, the plastic strain rate dependencies for radial
paths through points along the yield locus other than points D, P, and B
are virtually unknown. [The test results for loading path No. 7 (passing
through B) were reported in the last progress report.g] Hence, plastic
deformation behavior data corresponding to other directions are to be
obtained by exploring loading paths Nos. 6 and 8, which were selected to
give coverage at LS5 deg intervals.

The first of the two room temperature tests was programmed to study
yield surface behavior as well as stress-strain response along loading path
No. 6. Details of the loading program used in this test are shown in Fig.
2.2. After an initial prestraining to point P, the specimen was partially
unloaded and the subsequent yield surface was investigated. The dashed-
line circle in the diagram indicates the configuration based on the class-
ical kinematic hardening rule. The second major segment of the loading
path was along a straight line running from near the center of the surface
through the point P to the point Q. Again, a subsequent yield surface was
investigated following partial unloading from point Q. Since the position
of the subsequent yield surface determined from experiment and that cal-
culated from theory were not the same, the third and fourth segments of
the loading path were chosen to initiate from point T and from point U,
respectively. These points were close to the centers of the experimentally
determined subsequent yield surface configurations. In every case, the
direction of the loading path was rotated 45 deg clockwise with respect to

the immediate prior direction, as shown in Fig. 2.2. The test data obtained
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provide additional information on surface translation and change in shape
as functions of plastic deformation history. Because of the complexities
of the inelastic stress-strain responses, a significant amount of work re-
mains in processing and digesting the information obtained.

In the last progress report we gave the results for nonradial biaxial
stress test59 along paths corresponding to Nos. 3 and 7 in Fig. 2.1. The
stress-—strain responses obtained from these tests were also subjected to
analytical studies, which were discussed in Section 4.1.2 (Ref. 10) in
the last progress report. This study indicated discrepancies between the
experinental data and results obtained from kinematic hardening theory.
Therefore, the second of the two yield surface experiments carried out was
prograrmed to investigate the stress-strain relation along loading path No.
4 (Fig. 2.1), which bisects the angle between paths No. 3 and No. 5, and
to determine subsequent yield surfaces relative to this type of loading.
Portions of the data taken along path No. L4 as well as along subsequent
loading paths were not very satisfactory due to unstable instrument control.
Therefore, detailed discussion of the test results must be deferred until
data processing is completed.

In connection with high-temperature testing, we have initiated design,
fabrication, and testing work on a high-temperature biaxial capacitive
transducer which will give strain measuring precision at elevated tempera-
ture as required by our yield surface tests. This is an important project
because the presently used extensometer devices for high-temperature tests
do not measure strain directly from a specimen. Of course, the use of such
devices is acceptable for investigations of yield surfaces, but greater
accuracy is required for the necessarily detailed examinations of inelastic
stress-—-strain responses associated with elastic-plastic deformation and with
plasticity and creep deformation interactions at elevated temperatures.
Therefore, the development of a new high-temperature extensometer which can
provide direct measurement of biaxial strains at elevated temperature is
required, and the preliminary design of such an extensometer is being

prepared.
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2.1.2. Theoretical studies

The study of bilinear cyclic stress-strain relations discussed in the
last progress report9 is continuing. In order to achieve a smooth transi-
tion from Ky to K; for structural analysis use, a set of bilinear stress-
strain relations, which were determined in accordance with the rule discussed
in Ref. 10, was given in the last progress report and used in beam analyses.
That particular set of curves (shown in Fig. 2.3) was constructed from the
results of an ORNL cyclic test at 1100°F with a constant cyclic strain range
of 0.6% strain, obtained by R. W. Swindeman. Two more bilinear stress-strain
curves shown in Figs. 2.4a and 2.4c were constructed from later cyclic test
data for 0.4% and 1% total strain range by the same method. It is seen that
K is a function of cyclic strain range and other variables.

In order to include hardening behaviors, as shown in Fig. 2.4, in in-
elastic structural analyses, an analytical expression for K in terms of re-
lated variables that will give a single quasi continuous-type function has
been actively sought. Because the elements of real structures are often sub-
jected to a variety of time varying loading and temperature loadings in ser-
vice applications the function derived must be applicable for any range of
expected condition. An attempt to formulate a useful mathematical expression
to represent the bilinear curves of Fig. 2.4 is described here.

Since sultable available data at the time of this study were limited to
those obtained at room temperature and 1100°F, the temperature variable was
not included in this first formulation. The expression given below was

derived for 1100°F cyclic loadings.

p\1/2
_ n G(IIy)
c = a1 T 1rP/(xr¥)3° « E] 0 (2.1)
0 . i 0
i=0
in which
p_L1l_p _p
IT° = 3 €55 Fig (2.2)
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Nonlinear and bilinear stress-strain relations.
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and other II's are defined analogously. Here, the subscripts "i" denotes

the last previous point of loading reversal. All points of loading reversal
are sequentially numbered, with i=0 being the virgin state. The terms A, B,
D, E, and G are constants, while the other symbols are defined in Fig. 2.5.
Equation (2.1) is intended to represent cyclic hardening behavior of
the material over three constant strain ranges from 0.4% to 1% strain.
However, due to discrete changes of the reference variables in the cyclic
loading process, as shown in Fig. 2.9, the equation is capable of represent-
ing salient features of random cyclic loading behavior as well as that of
constant range cyclic loading. This is illustrated in Fig. 2.6 by a set
of cyclic bilinear stress—strain curves calculated from Eg. (2.1). Signifi-
cant reduction material hardening for decreases in plastic strain range
during a test is a typical phenomenon for this type of cyclic loading test.
When K takes the form of Eq. (2.1), the expression for function C
which relates the tensor describing the translation of the yield surface,

b

uij’ and the plastic strain tensor, Eij’ by

da, ., = Cae?, (2.3)
1J 1J

ig derived as follows for bilinear stress~-strain representation.

¢ =g—-L g o (2.4)
VoK dsfj J

where
1
== (o', —oa.,) 2.
Ylj 255 ij 1J ( 5)
and
— ' p
8= Yyy 9005/ I8 o (2.6)

and Gij is the deviatoric stress tensor.

The expression (2.1) is not a final form and is only for current use in
performing analyses of simple structures, such as beams, being tested in other
parts of this program. Development work associated with the derivation of a

suitable general function form is being continued.
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BASED ON UNIAXIAL TEST DATA FOR ORNL-DNG~73-10359
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Fig. 2.6. Random cyclic stress-strain curves.
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2.2. Time-Dependent Behavior

C. E. Pugh

2.2.1. Representation of nonlinear hereditary behavior
of materials

The knowledge of thermcomechanical behavior of structural materials and
the mathematical representation of this knowledge are of fundamental impor-
tance in the analysis and design of LMFBR components. A final proposal has
been received from Yale University to provide contributions to the develop-
ment of applicable theories as a part of ORNL's overall efforts in this
area. The principal investigator is Professor E. T. Onat, and an initiation
of a subcontract in early FY-19TL is being sought.

Available experimental and theoretical knowledge will be reviewed, in-
cluding constitutive equations that are being recommended and candidate
equations for design use. The following questions will be examined: Are
these constitutive equations capable of representing, with sufficient accu-
racy, the essential and significant features of the observed behavior? How
can these equations be modified so that their accuracy is increased and
their ability to represent significant features is enhanced? The examina-
tion of these questions will embrace the ideas in Ref. 11 and involve ex-
tensions to the work reported in Ref. 11 in the areas of multiaxial stress-
ing, thermodynamic aspects, and microscopic studies. As the theoretical
work progresses, test recommendations will be provided toc ORNL on a continu-
ing basis for possible incorporation into experimental activities of the

overall program.

2.2.2, Multiaxial creep studies (Professor W. N. Findley, Brown
University)

1. Test No. 7 using Specimen 4-304-16 was performed with the same stress
ratio, 0/1, as Test No. 2 but with a Mises stress of 15 ksi instead of
the 15.170 ksi used in Test No. 2. The initial stresses were 0 = 13,819
psi, T = 3,369 psi and were held fixed for 1006.9 hours. The load was
removed, and the creep strain recovery was recorded for 319.4 hr. The

average temperature was 1117.2°F.
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Results for this test are given in Figs. 2.7 through 2.10, and
some limited comparisons with Test No. 2 are shown in Table 2.1. Com-
parisons with Test No. 2 (see Ref. 12) show that both the tension and
torsional creep rates were significantly less in Test No. 7 than in
Test No. 2. Initial and one-hour strain readings were larger in tension
anc smaller in torsion for Test No. 7 than Test No. 2. The direction
of the strain rate vector for Test No. 7 (shown in Fig. 2.11 and 2.12)
moved somewhat farther away from the Mises equivalent than Test No. 2.
The creep rate at 120 hr in Test No. T was about 1/10 that in Test No.
2.

It appears from Fig. 2.12 that there is, for stress states on the
Mises surface, a trend for the strain rate vector to decrease in
magnitude as the stress state moves from pure torsion toward pure
tension. This observation is in agreement with the direction of the
strain rate vectors. Both suggest that the creep surface ellipse may
have a somewhat shorter shear axis than the Mises ellipse.

After the stresses were removed in Test No. 7, the specimen exhib-
ited an elastic response followed by a slight time-dependent recovery
as shown in Figs. 2.8 and 2.10. The only known differences between
Test No. T and Test No. 2 are the following: {a) the effective stress
was slightly lower in Test No. 7 than in Test No. 2, and (b) the speci-
men in Test No. 2 was finished by machining, whereas the specimen in
Test No. 7 was finished by honing the bore and grinding the outside
diameter.

Circumferential strains observed during Test No. 7 are shown in
FPigs, 2.9 and 2.10. Strains during the early part of the test are not
avallable due to a circuitry error, which alsc affected the zero read-
ing. Thus the strains shown are approximations which were computed by
selecting a zero reading which would yield the same ratio of axial to
circumferential strain at 300 hr in Test No. T as observed in the pure
tension creep test at 300 hr in Test No. 6.

Two additional specimens have been finished by honing and grinding,
specimens Nos. 8 and 11, and two others have been finished by machining,
specimens Nos. 7 and 10. The honed and ground specimens will be used
for a series of creep tests at an effective stress of 10 ksi, while the
two finished by machining will be used for a pure torsion and a pure

tension creep test at 15 ksi effective stress.



33

Table 2.1. Comparison of results from tests Nos., 2 and T,
type 30L stainless steel specimens
Test 2 Test 7
Stress state (o0,7) (psi) (13975,3L07) (13819,3369)
Effective stress (psi) 15,170 15,000
€11, axial strains (%)
Initial 0.6248 (50 secs) 0.8254 (50 secs)
1 hour 0.8786 0.9669
120 hours 2.9140 1.4206
€12, shear strains (%)
Initial 0.3381 (L2 secs) 0.2964 (30 secs)
1 hour 0.4332 0.3512
120 hours 1.1730 0.5454
Strain rates at 120 hr
(%/hr)
€11, axial 0.0167 0.0015
€19, shear 0.0051 0.0007
€, effective 0.0126 0.0013
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Fig. 2.7. Short-time and long-time creep strains versus time for
test No. 7 conducted with the same stress~ratio as test No. 2. Type 304
stainless steel (heat 9T2796) specimen from nominal 2-in. bar stock.
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recovery, interval of test No. 7. Type 304 stainless steel (heat 9T2796)
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Specimen No. 11, Test No. 8, is ready for test in pure torsion at a
stress of 5,772 psi and a temperature of 1100°F. This is an effective
stress of 10 ksi.

Specimen No. 8, Test No. 9, i1s ready for test in pure tension at a
stress of 10,000 psi and a temperature of 1100°F.

Six additional high temperature lamps have been received.

The possibility of shortening the compression specimen system to minimize
the chance of buckling is being explored. A short (8-13/16 in.) heat-
ing lamp was obtained. This was mounted in an old specimen with suit-
able end fittings, end heaters, thermocouples and heat reflector and

a test was made to determine whether it would be possible to use this
lamp in tests at 1100°F. Results indicate that the lamp has sufficient
wattage. So this method appears possible. Some preparations have been
made toward performing a compression load test at temperature to deter-

mine whether buckling is likely at stresses up to 15 ksi.
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3. FAILURE STUDIES

3.1. Study of the Effect of Biaxiality in Creep-Fatigue
at Elevated Temperatures

Professor 8. Y. Zamrik
Pennsylvania State University

3.1.1. Fatigue tests

Biaxial strains are imposed on type 304 stainless steel tubular speci-
mens as a result of simultaneous push-pull and torsional loadings. Biaxial
tests were conducted at 1200°F, 1000°F, and room temperatures. The loading

system is sinusoldal at a frequency of 25 cpm.

3.1.2. Experimental results

Twenty-one biaxial specimens have been tested at 1200°F and six at
1000°F. The biaxial strain ratio of torsional shear strain range, Ayxe, to
axial strain range, Aex, varied from 1/2 to 5. Experimental data are pre~
sented in Table 3.1, which also shows the applied biaxial strain range in
terms of maximum principal strain range, Ae,, effective strain range, AE?,
and octahedral shear strain range, AYoct' The three are interrelated in

the form of:

BY oy = V2 AEe (3.1)
pE = 2 pe, T+ 3+ ¢2 (3.2)
V3
or
- ] Ae,y 1
AT = 211/2 (3.3)

2
Rl | [3+R
/3 10.5 + V2,25 + R” |
where ¢ = Ag;/Ae; and R = AYXG/AEX.

In deriving the preceeding equations, it is assumed that the volume
remains constant and Poisson's ratio is 1/2. As a result of this assumption,
the data can be presented in terms of any of these three measures since

they deviate by a constant. This can be observed in examining Table 3.2
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Table 3.1. Biaxial fatigue test results for 304 stainless steel (heat 9T2796)

Specimen Axial  Torsional Ay Temp. Principal Strain Ranges Total Effective Octahedral # of Cycles

x0

No. Strain  Shear X (°F) Ae Ae Ae Strain Strain Shear To Failure

X € 1 2 3 .
Range Strain X (%) (%) (%) Range Range Strain (N)

AEX Range AET Aee Range

(%) Dxe (R) (% (%) Boct

(%) (%)
G 14 2.00 1.00 0.5 Room  2.08 -1.08 -1.00 2.55 2.08 2.94 1075
G 17 1.50 0.75 0.5 Room 1.56 -0.81 -0.75 1.91 1.56 2.21 1700
G 18 0.50 0.25 0.5 Room 0.52 -0.27 -0.25 0.64 0.52 0.74 11550
G 15 2.00 2.00 1.0 Room  2.30 -1.30 -1.00 2.82 2.30 3.26 1160
G 20 0.80 0.80 1.0 Room 0.921 -0.521 -0.40 1.13 0.92 1.30 4100
H1 1.00 2.00 2.0 Room 1.50 -1.,00 -0.50 1.87 1.53 2.16 2780
H 2 0.75 1.50 2.0 Room 1.125 -0.75 -0,375 1.40 1.14 1.62 4300
H3 0.60 1.20 2.0 Room 0.90 -0.60 -0.30 1.12 0.91 1.30 6000
H 4 0.50 1.00 2.0 Room 0.75 -0.50 -0.25 0.94 0.77 1.08 6900
G 16 1.00 5.00 5.0 Room  2.86 -2.36 -0.50 3.74 3.05 4,32 1100
H 6 0.50 0.25 0.5 1200 0.52 -0.27 -0.25 0.64 0.52 0.74 2452
H7 1.50 0.75 0.5 1200 1.56 -0.81 -0.75 1.91 1.56 2.21 150
16 0.80 0.40 0.5 1200 0.832 -0.432 -0.40 1.02 0.83 1.17 164
H 18 1.20 0.60 0.5 1200 1.248 -0.648 -0.60 1.53 1.25 1.77 110
H 16 0.60 0.30 0.5 1200 0.62 -0.32 -0.30 1.12 0.62 0.88 1074
I3 0.72 0.72 1.0 1200 0.83 -0.47 -0.36 1.02 0.83 1.18 100
I2 0.60 0.60 1.0 1200 0.69 -0.39 -0.30 0.847 0.69 0.98 700
14 0.90 0.90 1.0 1200 1.04 -0.59 -0.45 1.133 1.04 1.47 152
15 0.40 0.40 1.0 1200 0.46 -0.26 -0.20 0.565 0.46 0.65 1121
I 15 0.40 0.40 1.0 1200 0.46 -0.26 -0.20 0.565 0.46 0.65 2390
I 16 0.70 0.70 1.0 1200 0.81 -0.46 -0.35 0.995 0.81 1.15 865
H 8 0.60 1.20 2.0 1200 0.90 -0.60 -0.30 1.12 0.91 1.30 693
H9 0.75 1.50 2.0 1200 1.125 -0.75 -0.375 1.40 1.14 1.63 400
H 11 0.50 1.00 2.0 1200 0.75 -0.50 -0.25 0.94 0.77 1.08 830
H 13 0.30 0.60 2.0 1200 0.45 -0.30 -0.15 0.56 0.46 0.65 4045
H 14 0.40 0.80 2.0 1200 0.60 -0.40 -0.20 0.75 0.61 0.86 2612
H 15 0.60 1.20 2.0 1200 0.90 -0.60 -0.30 1.12 0.91 1.30 800
H 19 0.28 0.56 2.0 1200 0.42 -0.28 -0.14 0.52 0.43 0.60 7800
H 17 0.25 0.50 2.0 1200 0.375 -0.25 -0.125 0.47 0.39 0.55 12800
17 0.2 1.00 5.0 1200 0.572 -0.472 -0.10 0.748 0.61 0.86 6200
I8 0.6 3.00 5.0 1200 1.716 -1.416 -0.30 2.24 1.83 2.59 215
113 1.2 0.60 0.5 1000 1.248 -0.648 -0.60 1.529 1.248 1.764 1187
114 1.6 0.80 0.5 1000 1.664 -0.864 -0.80 2.039 1.664 2.353 680
19 0.8 0.80 1.0 1000 0.921 -0.521 -0.40 1.131  0.923 1.31 1698
110 0.6 0.60 1.0 1000 0.691 -0.391 -0.30 0.848 0.692 0.978 3178
I 11 1.2 1.20 1.0 1000 1.381 -0.781 -0.60 1.697 1.385 1.958 835
112 1.0 1.00 1.0 1000 1.151 -0.651 -0.50 1.414 1.154 1.632 955
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Table 3.2. Bfrain range measures expressed in terms
of the maximum principal strain range for various strain ratios

Effective strain Total strain Octahedral shear
AYXG hea

R = - range range strain range
hey A€, AE re ¢ Ay
e T oct
0 (uniaxial) —0.500 1.0000 Ae, 1.2247 Ae, 1.41k42 Ae,
0.5 —0.5194 1.0002 Ag, 1.2251 Ae, 1.4145 Ae,
1.0 —0.5657 1.0028 Ag, 1.2283 Ag, 1.4182 Ag,
2 —0.6666 1.0181 Ae, 1.2k69 Ae, 1.4399 Ae,
3 —0.74053 1.0378 Ae, 1.2710 Ag, 1.4677 Ae,
L —0.790k 1.0547 Ag, 1.2917 Ag, 1.4916 Ae;
5 —0.8252 1.0681 Ag; 1.3082 Ae, 1.5105 Ag,
6 —0.8504 1.0787 Ae, 1.3211 Ag, 1.5255 Ae,
7 —0.8694 1.0871 Ae, 1.3314 Ae, 1.537h Ae,
8 —0.884k2 1.0940 Ag; 1.3399 Ae; 1.5471 Ae,
9 —0.8961 1.0996 Ag; 1.3467 Ae,y 1.5550 Ae,
10 —0.9057 1.1043 Ae, 1.3525 Ae; 1.5617 Ae,
«© (pure torsion) =—1.0000 1.1547 Ae, 1.41k2 Ae, 1.6330 Ag,

“Dey = VB ner[1 + ¢+ 92112
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where, for example, the deviation of AE; from Ac; for R = 0 to R = L is
negligible.

To simplify the evaluation of data obtained thus far for room, 1000°F,
and 12C0°F temperatures under axial, torsional and biaxial tests, the
octahedral shear strain theory will be used as a reference. Thus, the con-
verted data of all tests are shown in Figs. 3.1 through 3.3.

In Fig. 3.1, the upper bound for the room temperature data is repre-
sented by the pure torsional data and the lower bound by the axial data.
The bisxial data varies between the two bounds, for example, the biaxial
test deta for a strain ratio of 0.5, low shear strain component, fall near
the axial data, and data approach the upper bound of pure torsional data
as the shear strain increases. The lower bound can be considered as a
conservative design base line if the classical octahedral shear strain
theory is used as an interpretative method to biaxial room temperature
data. It is related to the number of cycles to failure in a power law

relationship in the form of:

Y N = ¢ (3.4)

However, this approach is not valid if one examines Fig. 3.2 where
the temperature is 1200°F. The data do not follow the room temperature
observation despite the fact that an upper bound is still the torsional
data. The 1200°F environment shows a considerable detrimental factor on
the life of the material under biaxial loading, since the biaxial test
data fall below the axial data (a lower bound at room temperature). The
most critical scatter and deterioration in life takes place at N < 10?3
cycles. This behavior is not noticeable in the 1000°F data shown in Fig.
3.3. The life at 1000°F was reduced by a factor of 4 while at 1200°F by
a factor of 10. It is suspected that at 1200°F, a drastic drop in the
mechanical properties of type 304 stainless steel takes place.

It is also observed that two life regions have developed at 1200°F
with 10° cycles as a transition mode. Although no definite explanation
can be forwarded for this transition at this time, attention should be
drawn <o the left side region where to some extent the slope of the line
is the same as that drawn for room and 1000°F data lines. Also the re-

duction in life is severe when compared to room temperature. To check
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this observed transition region and to determine the effect of temperature
range on the mechanical properties of the material tested in blaxial fatigue,
monotonic tension tests at 1000°F, 1100°F, and 1200°F are in progress.

The specimen chart shown in Table 3.3 identifies each test specimen
taken from bar No. 35 of the ORNL reference heat (972796) of type 30k

stainless steel, along with specimen dimensions.

3.2. Investigations of Creep Failure Under
Uniaxial and Multiaxial Conditions

C. C. Schultz
Babcock and Wilcox

The status as of June 30 of the constant load, step load, and inter-
rupted uniaxial tests are shown in Tables 3.4, 3.5, and 3.6, respectively.

The first three specimens for the interrupted uniaxial tests (19.5 ksi)
have been loaded. These tests are identified as BWI-1, BWI-2, and BWI-3.
The progress of these tests is shown in Fig. 3.L4. Tests BWI-1 and BWI-3
both experienced unexplained steps between the final load increment and
the in’tial creep data point (time, 2 hours). The data as shown in Fig.
3.4, have been adjusted so that the creep strain at a time of 2 hours is
Zero.

The initial tubular rupture specimen was loaded in simple tension.
During loading an oil seal in the axial load system failed. Repairs
have been made and the specimen will be reloaded as the specimen should not
have incurred damage.

The progress of test BWC-5B (20 ksi) is shown in Fig. 3.5. This
specimen, which was originally anticipated to rupture in 2,000 to 4,000
hours, has finally begun tertiary creep. Consideration of more recent data
led to an estimate of 7,500 hours for rupture at 20 ksi.

A B&W sponsored program was initiated to rectify the apparent dif-
ference in creep strain data as obtained from the two types of testing
machines being used. A threaded rupture machine specimen (9R-2A) is being
tested with four DCDT's over the 2-in. gage length and a single DCDT and
dial gage over the full load train. TFigure 3.6 shows the creep strain as

measured by all six transducers. It can be concluded that the strain
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Table 3.3. Chart giving numbers and dimensions of specimens
taken from l-in. diam bar type 304 stainless steel (heat 9T2796)

Specimen Inside Outside
number diameter diameter
I1 0.337 in. 0.457 in.
I2° 0.336 in. 0.456 in.
I3 0.339 in. 0.459 in.
L 0.340 in. 0.460 in.
I5 0.34L in. 0.464 in.
I6 0.340 in. 0.460 in.
17 0.3k42 in. 0.462 in.
I8 0.342 in. 0.462 in.
19 0.3k42 in. 0.462 in.
I 10 0.340 in. 0.460 in.
I 11 0.345 in. 0.465 in.
112 0.346 in. 0.L466 in.
I 13 0.347 in. 0.467 in.
I 1L 0.346 in. 0.466 in.
I 15 0.348 1in. 0.468 in.
I 16 0.347 in. 0.467 in.
I17 0.343 in. 0.463 in.
I 18 0.349 in. 0.469 in.
I19 0.34L in. 0.46L in.
I 20 0.342 in. 0.462 in.
I21 0.347 in. 0.467 in.

aThe letter I refers to
specimens taken from bar No. 35.



Table 3.h4. Status of uniaxial rupture tests — type 304 stainless steel (heat 9T2796) 1100°F

Time to Minimum Time to Intercept

Total strain Test Fracture Reduction

Eg?t Spe;i?en ?igi?s on loading? sezgg:;ry iZin tiiZi:ry siiZii time elongatione in area
(%) (hrs)  (#/ar)  (brs) () () (%) (%)

BWC-1 7-15 30 b7 187 R 19.0 30.5

BWR-1 7-1 30 — 138 R 21.5 32.9

BWC-2 2-22 28 5.8 40 0.016 195 0.50 227 R 13.0 20.4

BWR-2 2-1 28 —— 40 0.022 230 0.65 368 R 16.5 29.0

BWR-13 7-13 28 _— 60 0.023 215 0.88 276 R 16.5 18.9

BWC-9 7-25 28 3.8 85 0.021 1.16 415 R 18.3 25.2

BWC-3" 7-28 25 3.8 80 0.0065 500 0.45 667 R 12.7 12.0

BWR-3 7-8 25 —_— 100 0.0079 585 0.71 9L8 R 17.0 23.2

BWC-L 2-28 22 3.7 175 0.0014% 1,500 0.60 2,130 R 10.7 13.7

BWR-4 7-7 22 — 160 0.0030 1,170 0.72 2,026 R 12.5 16.6

BWC-5f 2-15 20 _— -— D

BWC-5B 2-16 20 1.8 8,800 I

BWR-57 2-14 20 -— L, 842 D

BWR-6 7-1k 19 -_— 9,000 I

BWR-9 T-11 18 — 8,000 I

BWR-119 2-12 17 —_— 9k D

BWR-11 2-10 17 _— 8,200 T

BWR-T7 2=y 16 —_— 8,700 I

%1 specimens were step-loaded at 1.87 ksi increments, except test BWC-5B,
which was step-loaded at 1.49 ksi increments. Loading curves on BWR series include
load train displacements, thus not reported.

bTime to tertiary creep based on the 0.2% offset from the minimum rate line.

cIntercept creep strain does not include the elastic and initial plastic
components.

R = rupture; D = discontinued; I = in test.
eElongation over 3 inches in BWC series; over 2 inches in BWR series.

T

gTemperature excursion at 1300°F at 94 hours. Replaced by Test No. BWR-11B.

emperature excursion to 1300°F prior to loading. Replaced by Test No. BWC-5B.

hFailure occurred near end of gage length.

“Temperature excursion to 1380°F at 4,842 hours. Terminated.

04



Table 3.5. Status of uniaxial step load rupture tests — type 304 stainless steel (heat 9T2796) 1100°F

Time to Minimum  Time to Intercept

. Total strain . Time at Fracture Reduction
Test Specimen Stress on loadin secondary creep tertiary creep 1oad® eloneation in area
Yo. To. (ksi) gy & creep rate creepd  straind @) (%)
’ (hrs) (%/nr) (hrs) (%) ’ ’
BWC-6 2-17 16 3,871
25 136
20 L, 660 1
BWR-10 2-11 16 3,871
25 136
20 4,660 I
BWC-T 2-18 17 3,699
25 136
20 4,660 I
BWR-8 2-5 17 3,703
25 136
20 4,660 I
BWLF-5 2-25 20 503
25 198
20 4,050 I
BWC-8 T-16 18 5,071
25 136
20 2,800 I
BWR-12 7-12 18 5,071
25 136
20 2,800 I

%rime to tertiary creep based on the 0.2% offset from the minimum rate line.
bIntercept creep strain does not include the elastic and initial plastic components.
°g = rupture; D = discontinued; I = in test.

dElongation over 3 inches in BWC series; over 2 inches in BWR series.

T6
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Table 3.6. Status of uniaxial interrupted tests —
type 30L stainless steel (heat 9T2796) 1100°F

Test Specimen Stress Time at
No. No. (ksi) 1oad
(hrs)
BWI-1 L-6 19.5 1,780
BWI-2 5-6 19.5 1,780

BWI-3 6-6 19.5 1,780




ORNL-DWG~T3-10369

53

\ . | ST
L e T |
L ] Fa H | ]4 i
1 ESR i els E
- [ i . a - !
] T H ;
ESSCIERN (06 -
- . i 1 §
S L™ |
| | g ! foli] |
SSElcCiE- i ,
T gk M T ” ]
T JAT ST Ta ] m ,
EREEAC S g
R s
1 I T
SHEEE AR H |
—t : . ﬂ o
il FTE
- ; [wLT\ L.
m%. =
B! i

1000

800

|
M SR -
T :
I i I ) Lot
Iy [ W,: g !
| | it T
BN i x,‘xmA .
; , T T
N . .. 13

O
—

(%) cﬂmuwm dearp

1600

1400

1200

600

400

200

Time (hr)

First three constant load uniaxial tests (in progress) in

Fig. 3.L.
the Interrupted Test Series.

Loaded at 19.5 ksi at 1100°F. Type 304

stainless steel (heat No. 9T2796), 5/8-in. rod.



Creep Strain (%)

ORNL-DWG~T3-10370

4.5 ANERS T L ‘ : T . , _
geas N SuaanaEaEsaeanaan gas
H : [ !
+ l =1 = i r : ]
i . ! i
I IR S A R _ o
: i
3. 79 i : ; ’ ;
T I - I 1
- T - S . . i —H
N i
‘ RN : SR ]
| r I N : N 4 [
: T 15 4 f:"_BWC—SB,‘, Tul
‘ T : - P o am® \ i
3.0 uiS NS il N NREN
: L T | BN UL B N 1
. o mi2 1~ DN I § L
Loeni i ;
T T
Ly
- Ll m I L L
BN ! | el ‘ : Lt :
- t 1 i qu ; T “A
: | i ; ;
2.2 il 1 e T ! JEN I TN N O O : RN
[ : X o R CETT oL - L ; ! L
I e T } o = r~
DUTERE i ST T
L sl !
|- d ' - - ;::Lg I i
EEga: : iy uea R AN
1. 504 .
! L - F et
T i RN ;
T gL AREpESEEES |
] :3_‘]‘_ bt e LT ; L1
31 s . S
pas - S : T
‘ s} L1 = e A
0. 750 i . - ue
e e | ot
; ; |
T R
EEEmEmm : ! ‘ ‘ i 5
[ A L ; ; Ll
ulEN S ; ' | o 4+ }
SRR R ‘ | | AN Wy S
o ot Sihceissmitess SSSSeiiamayaaiie

0 1.5 3.0 2.5 6.0 7.5 9.0 10.5
Time (hr)x 107

Fig. 3.5. Constant load uniaxial rupture test (in progress). Loaded
at 20 ksi at 1100°F. Type 304 stainless steel (heat No. 9T2796), 5/8-in.
rod.

12.0

g



55

ORNL-DWG-T73-103T71

Type

900
Specimen 9R-2A.

750
Loaded at 20 ksi at 1100°F.

600
9T2796), 5/8-in. rod.

Time (hr)

450

300
Special constant load uniaxial test to evaluate differences

[ew)
[TT] N I I A N A Y
i L
- -
- - -
=
. | o
+ — m i =
M o~ | i
S g% .
5 -
3 © =0 i
3 - T
" maaE
o 153 -
o] S T I O
| w 1% ] . ]
| _ 22 ,
- w, 1 ——— a, a, -t
BEpNREERaN IE 0 LaRaln 2 & S T
T ] i b ¥ i
| , ,, & =0 'm\‘x o , ﬂn..w R S S !
1 kSN L : ERNNEEE _
B | MESEER NN = = B e ]
i TEZS LT "8 8 8B 8 8 «
g P AR EE R b
W - e R L - \ ” - L
T - e e T P 1T
- C B SR R | T O D e f
SR e e e T E
=y
RS T e e [T
- = - 1Ll L] T
] _ EEEREIR- M TIRRUE! p T
{ T & T . e gy [ I
T Ll M K N I N ,+4+ ; |
| | ] P RN NN EEERE
SERRNCEE IR LT T PR ERER NN
14 2 " T , ,
D T 4 N , ] ot
|l 4 . 1 S N
T EEEESRSRCE:LAC . i S
1l i i . : . - .
1 | i 5 W aEEyEEuiy
i SR T | ]
e e
et ! | - -
] N BERRRAG " R EE RN AR ﬁ
4 - I e b S , -
[ - = M+m+‘ ! I I
BEEE TT 1T [T T 115 AT 114 |
|| 1 RN | i ” 1
Efeesssiinas A e eeEene
| ] | | | | i [N R
= v CorT . T W AR
N A T W 7 ‘ NEEEE R i
ua i 5} T 1l Co
_ ] o
| I B A | . ! O T
[ [ ﬁ;\\t ! W T 1 [ A w T L ]
L e e T 7 o
L o3 (o)) O (o)
— — nm o

Fig. 3.6.
in the two types of testing machines.

304 stainless steel (heat No.



56

occurring outside of the gage length is not sufficient to explain the
differences seen thus far between the two types of machines. DNo con-
clusion can be reached with respect to specimen bending, which will be the
next area of consideration. Figure 3.7 compares the four tests that have
been started at 20 ksi, one of which is specimen 9R-2A. Tests BWC-5B

and BWLF-5 are being conducted in a creep machine while test BWR-5 is being

conducted in a rupture machine.
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4. DEVELOPMENT, EVALUATION, AND DISTRIBUTION
OF STRUCTURAL ANALYSIS METHODS AND TOOLS

J. M. Corum

4.1. Two-Dimensional Elastic-Plastic~Creep Finite-Element
Computer Program CREEP-PLAST

4.1.1. Program development (J. A. Clinard)

Further improvements have been made to the ORNL in-house version of
CREEP-PLAST. These improvements are user-oriented operational modifications
which co not significantly alter the overall scope of the program or the
computing strategy. The modifications are aimed primarily at improving the
versatility of the program, lowering the cost of computation, and over-
coming minor limitations known to exist in the earlier versions of the pro-
gram. The following is a summary of the improvements which have been imple-
mented in the ORNL version of CREEP-PLAST during the last two quarters and
which are currently being employed for in-house applications. Some of these
improvements will become available for general distribution by ORNL as soon
as they are verified completely and the adequacy of the modifications is
determined. The modifications which produce severe machine dependency are
not likely to be made available for general distribution since it is hoped
that the ORNL distributed version of CREEP-PLAST can be maintained as a
virtually machine-~independent program.

1. The program has been modified for solution of a limited constrained
degree of freedom structural problem. The displacement history of a maximum
of 100 nodes can be specified by the user through a single displacement mul-
tiplier array similar to the pressure multiplier arrays which are available
to vary the pressure and concentrated nodal loads.

2. Vector storage of data has been implemented so that the core re-
quirements can be easily varied by the user on a problem-to-problem basis.
The dimensions of two arrays control the storage requirements for a problem.
One array is the storage area of the system equations, both during the formu-
lation in the STIFF link and during the sclution procedure in the SOLVE link.
This area also serves as the temporary storage area for plotting information

in the CREEP link. The other array is the storage area for element and nodal
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information, some of which previously appeared in the BLANK and CREEP1 com-
mon blocks. With vector storage, small problems have been run on the ORNL
IBM 360 computer system in less than 200K bytes (including buffers). Pre-
viously, all problems required about 500-540K bytes. It should be further
noted that if the dimension of the array for storage of the system eqguations
is large enough to accommodate the entire system, the equations are main-
tained in memory during formulation and solution, and no I/O is required.
This completely eliminates the use of scratch storage units 21 and 22.
Coupled with other improvements to the program this has lowered the I/0
ratio for "core-maintained" problems below 2:1 on the ORNL computer.

3. The I/0 procedures have been improved by implementation of KBSAM
IBM/360 buffering for units 17, 18, 21, and 22. Both the CPU and wall-
clock times for execution have been significantly reduced so that the I/0
ratio of about 3:1 for moderate size problems has remained unchanged. The
reduction in execution time has reduced the cost of computation by about
40% compared to the version of CREEP-PLAST currently available for general
distribution. This reduction is due in part to KBSAM I/O and in part to
maximum utilization of core through vector storage and through an improved
overlay. There are secondary benefits from KBSAM I/O. No system I/0 buf-
fers are allocated for direct access devices under KBSAM control. There-
fore, memory which was previously allocated as buffers for standard FPRTRAN
1/0 on units 17, 18, 21, and 22 (64-150K bytes, depending on the DCB parame-
ters) is now employed to increase the work space available to the solution
routines, thus increasing the efficiency of the solution technique. Also,
the NOTE and POINT facilities of KBSAM have reduced execution time by elimi-
nating the back spacing of unit 21 during back-substitution.

L, Program logic has been changed so that element calculations in the
STIFF and CREEP links are looped in 100-element blocks instead of 50~element
blocks as in the previous version. This means that units 17 and 18, the
scratch storage units for element information, must be accessed only one-
half as many times during program operations, thus providing a savings in
wall-clock time with a minimal (12K byte) increase in storage requirements.
Also, the logic has been modified so that if the number of elements for the
problem is less than 100, element information is maintained in core and
units 17 and 18 are completely eliminated. This requires no increase in

storage requirements.
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5., A routine has been added to calculate and print the maximum effec-
tive incremental strain and stress for equation-of-state creep problems, so
that the user can quickly check the adequacy of his time-step selection.
Automatic stops can easily be included 1f maximum allowable incremental
changes are exceeded.

In addition to the above user-oriented modifications, several errors
pertaining to nonisothermal problems have been identified and corrections
have been made. These corrections are available in the new version of CREEP-
PLAST that is being made available to the public as described in the next

subsection.

4L.1.2. Program distribution (J. M. Corum and J. S. Crowell)

As described in the previous progress report,13 work was completed at
General Electric, under ORNL subcontract, to develop a heat conduction
analysis capability for CREEP-PLAST. The new subroutines and modifications
were received by ORNL in April. BSeveral errors in the new program were
discovered during implementation. Some of the errors were machine-dependent
(or operating—system—dependent) and would not have been apparent in the
UNIVAC version at General Electric. Enocugh corrections have been made to
enable us to run the small sample problem sent by General Electric and we
have obtained good agreement with the results from the UNIVAC version. We
are making additional corrections and plan to incorporate the thermal analy-
sis capability fully into the ORNL version of CREEP-PLAST in the immediate
future.

Since the heat conduction analysis capability is essentially ready for
use and since numerous other modifications and corrections have been made
to the basiec CREEP-PLAST program that was initially distributed, a new ver-
sion is now being offered to the public and can be obtained by using the
order forms included in this report. The new version will have the thermal
analysis capability incorporated into the basic structural analysis program.
Those prior recipients of the structural analysis portion of CREEP-PLAST who
have adapted the program to their own machine may want to implement the
thermal analysis capability as a separate program. The temperature history
calculated by the thermal analysis program could then be used as input to

the user's CREEP-PLAST program. In this case, the entire program should
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still be ordered. Instructions will be included for using the thermal anal-
ysis protions of the new ORNL version and creating a temperature history
tape for later use.

As was previously done, the new program is being released with the
agreement and understanding that any changes and modifications will be
coordinated with ORNL. In this way everyone will benefit from any correc-
tions, modifications, or extensions made to the program, and a current up-
dated version will always be avallable.

A formal request form and agreement document are provided on the fol-
lowing two pages for the reader's convenience. If you desire a copy of the

new version of CREEP-PLAST, which includes thermal analysis capability, re-

move the forms, fill them out, and send both to the ORNL Computer Librarian:

Computer Librarian

Room A228, Building 4500-N
Oak Ridge National Laboratory
P. 0. Box X

Oak Ridge, Tennessee 37830

The agreement document must be signed by a person in your organization with
appropriate authority. Since AEC regulations require that we recover the

costs of disseminating computer software, we are charging approximately

$25.00 for materials, handling, and mailing. The signed agreement document

serves as our authority to bill your organization.

L,1.3. Verification and qualification of CREEP-PLAST by benchmark
problem calculations (J. A. Clinard and J. M. Corum)

One type of benchmark problem being used to verify and qualify the
CREEP-PLAST program consists of thin-walled tubular specimens subjected to
nonproportional tension-torsion loadings at room temperature. Experimental
data of this type have been obtained by Liu,9 and some elastic-plastic anal-
ysis results were reported in the previous progress report.lo One of the
problems previously examined is depicted again in Fig. 4,1, Additional
elastic-plastic analyses have been carried out for this particular case,
and the results are summarized here.

Two analyses of the problem in Fig. 4.1 were previously reported.
First, a nonlinear analysis, which used a piecewise linear representation

of the monotonic stress-strain curve, was performed, and second, a bilinear
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REQUEST FORM FOR CREEP-PLAST THERMAL AND
STRUCTURAL ANALYSIS COMPUTER PROGRAM

Return form to: Computer Librarian
Room A228, Building 4500-N
Oak Ridge National Laboratory
P. 0. Box X
Oak Ridge, Tennessee 37830

The source program, in card image form, will be sent to you on a magnetic
tape. The tape will be a 600 ft mini-tape which you may keep.

Please check the option below which comes closest to meeting your system's
requirements as to tape format. Tapes will be prepared in advance in these
two standard formats. Your request for the program can be met more gquickly
if you can accept one of these standard formats.

Option 1: T-track tape
BCD card code
556 bpi density
Unblocked records (84 characters per physical
record, with last four characters blank)

Option 2: 9-track tape
EBCDIC card code
800 bpi density
Blocked records (800 characters, or ten cards, per
physical record)

If you require modifications to the option checked above, please indicate
them below.

character code BCD EBCDIC
density 200 556 800

physical record size
Note: Our 9-track tape drives are all 800 bpi density.
What type of computer will be used to read the tape?

On what type of computer will the program be executed?

Name and address of requester:

Phone number of requester:

Signed: Date:
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AGREEMENT FOR
USE OF THERMAL AND STRUCTURAL ANALYSIS
COMPUTER PROGRAM CREEP-PLAST

WHEREAS, Union Carbide Corporation, acting under its Prime Contract W-ThQS-eng-26
with the United States of America (Government) as represented by the United
States Atomic Energy Commission (Commission), in operating and managing the
Govermment-owned facility identified as the Oak Ridge National Laboratory

entered into Subcontract No. 3511 with the General Electric Company for the
development of a special elastic-plastic-creep structural analysis computer
program identified as CREEP-PLAST; and

WHEREAS, it is one of the objectives of the Commission to provide the ligquid-
metal fast-breeder reactor component manufacturers and other interested Com-
mission approved parties with a well-documented, non-proprietary structural
analysis computer program to be used by said recipients on their own com-
puters; and

WHEREAS, it is a further objective that all correcticns, changes, and modifi-
cations should be incorporated in an up~to-date master computer program to

be made available by the Oak Ridge National Laboratory to all interested
aforementioned manufacturers and other Commission approved parties;

NOW, THEREFORE, in consideration of Union Carbide Corporation making the Com-
puter Program CREEP-PLAST available to (Recipient)
on a non-exclusive, royalty-free basis, the recipient agrees to furnish the
Oak Ridge National Laboratory with any changes, corrections, modifications

or updating the recipient makes to the Computer Program, for incorporation

in a current master computer program to be made available by the Oak Ridge
National Laboratory to all Commission approved parties.

The recipient further agrees not to withhold or classify as proprietary any
of said corrections, changes, modifications and alterations to the Computer
Program and hereby grants to the Govermment an irrevocable, non-exclusive,
royalty-free license to use the same for any purpose whatsoever.

It is understood the recipient will be billed for a handling and mailing
charge of approximately Twenty Five Dollars ($25.00) due Union Carbide
Corporation for the account of the Government. The exact cost will be
determined by Commission cost recovery guidelines applicable at the time of
the request.

Date Name

Title

Representing

Address
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analysis was carried out. In both cases, representations of the tenth-
cycle cyclic stress-strain curve were used for reversed loading.¥ The pro-
porticnal limit for the bilinear stress-strain curve was 27,000 psi, while
15,000 psi was used for the nonlinear curve.** The bilinear analysis pre-
dicticns agreed reasonably well with the measured response. The nonlinear
analysis predictions agreed well with the measured response for the propor-
tional loading to point A (see Fig. 4.1) but not for the nonproportional
loading path from A to C. The latter disagreement is believed attributable
to the kinematics of the nonlinear kinematic hardening theory of CREEP-~
PLAST and not to the nonlinear representation of the stress-strain curve
employed for the problem. This observation seems valid since between A

and C the effective stress level always falls within the bounds of the final
segment of the piecewise linear curve. This segment has the same slope as
the plastic portion of the bilinear curve employed in the previously reported
companion analysis.

To further investigate the sources of the disagreement, three additional
nonlinear analyses of the problem have been performed. FEach used the same
plecewise linear stress strain curve, which was shown in the previous report,lo
and cyclic hardening was neglected in all three. As before, the finite-
element model consisted simply of two plane-stress triangular elements form-
ing a square, and the loading steps depicted in Fig. L.l were used. The
only difference in the three analyses was the value used for the proportional
limit, and conseqguently the size of the yield surface. The three cases were:

Case 1. Proportional 1imit of 21,500 psi. This is the apparent value
of the proportional limit for the representative monotonic stress-strain

curve used in the analyses.

¥In the nonlinear analysis, the shape of the tenth-cycle curve was
assumed to be adequately described by the shape of the initial monotonic
curve with an appropriate increase in the proportional limit to account for
hardening.

*¥*¥The 15,000 psi value agrees reasonably well with the initial departure
from linearity which has been very precisely measured by Liu.? However, the
representative curve used in the nonlinear analysis would appear, by visual
inspection, to have a proportional limit of about 21,500 psi.
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Case 2. Proportional limit of 15,000 psi. This is the value used
in the previous nonlinear analysis, and it agrees reasonably well with the
initial small departure from linearity precisely measured by Liu.9
Case 3. Proportional limit of 10,000 psi. This fictitiously low

value was used as an extreme case.

It should be emphasized that all three analyses used exactly the same stress-
strain curve. The different proportional 1imit values determined only the
size of the yield surface as used in the mathematical formulation,

The results are typified in Fig. 4.2, where the plastic strain trajec-
tories predicted by the three analyses are compared with the measured tra-
jectory. 1In all cases the analyses over predict the axial strain and under
predict the shear strain. The larger the yield surface, the more realistic
the predictions. Case 1, which used the observed proportional limit of
21,500 psi, still does not agree as well with experiment as did the bilinear
predictions which were presented in the previous progress reportlo and which
utilized a proportional limit of 27,000 psi.

The influence of the size of the yield surface is further illustrated
by the plots shown in Figs. 4.3 to L4.5. Here, the calculated stress points
along the loading path are shown together with the corresponding centers of
the yield surface and the outlines of the surface in the tension-torsion
space for each analysis. Vectors representing the direction and relative
magnitude of the plastic strain increment associated with each stress point
on the loading path are also shown.¥ Analogous plots for the two earlier
analyses were included in the previous progress report.

The yield surface movement exhibited in Figs. 4.3 to 4.5 is markedly
different, depending on the size of the surface. Careful comparison of the
yield surfaces and associated plastic strain increments with the measured
and predicted plastic strain trajectories in Fig. 4.2 helps to explain why,
in this particular problem, the larger yield surfaces result in more realis-

tic predictions.

¥The plastic strain increment at each point is that associated with
the subsequent load step.
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4.2. Ceneral Three-Dimensional Thick Shell Elastic-Plastic-
Creep Finite-Element Computer Program EPACA

4.2.1. Program development, verification, and qualification
(s. K. Iskander and J. S. Crowell)

In this quarter several additional errcors in the EPACA computer program
causing inaccurate results have been identified and corrected. BSeveral of
these errors will be discussed briefly here, and some results of the elastic
analysis of a practical elbow problem and the comparison of the results with
experimental data will be presented. Progress in other areas will also be
summarized.

Figure 4.18 on p. 105 of the previous progress reportlLL showed the
deterioration of stresses along the top fibers of a small thick-walled tube
subjected to a bending moment as compared with beam theory. This seems to
have been the culmination of several causes.

The EPACA code uses a dynamic vector storage scheme. Accordingly, the
location of each element of the stiffness matrix has to be assigned within
this vector. Moreover, limitations of available core storage during both the
formation of the stiffness array as well as later during the solution of the
system necessitate the external storage of the stiffness array as "blocks."
During the formation of the stiffness of each element, tests are carried
out to determine whether enough core is available for the system formation
in progress, as well as verifying that enough core will be available to solve
the resulting block of equations when it is later read back into core from
external storage. Should either test fail, the stiffnesses that were already
fully formed are written out on external storage.

Curing this phase, for certain combinations of the amount of storage
allocated and nodal numbering schemes, these tests have proved to be in-
adequate. One manifestation of this was that, although the program wrote
out a block of equations onto external storage and freed the space they
originally occupied, the available space at this stage was still not suf-
ficient, and the program did not recognize this situation. As a result,
the stiffnesses of the structure were summed incorrectly. The first few
blocks of the stiffness formation were formed correctly. It is during the
later stages of formation and solution that this situation came into play.

Hence the results for the first portions of the structure to be handled by
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the program appeared to be correct, while the latter solution progressively
deteriorated. This problem necessitated the complete revision of the por-
tions of the code that were involved in these operations.

Another source that contributed to erroneous results arises in cases
where flat elements are used to model structures and there exists some angle
between the element meeting at a single node. During coordinate transforma-
tion of the stiffness of the element from a system of axes normal to the
element to a system with one axis whose direction is the average of the
normals of all the elements meeting at this node, there is generally a small
resultant component of rotational "stiffness' about the common ncrmal, and
consequently some decision has to be made regarding whether or not to include
it in the total stiffness matrix. In cases in which all the elements at a
node are in a single plane, this rotaticnal stiffness would theoretically
be zero but in practice could be some small number arising from general com-
putational errors. Hence the resulting matrix might be either singular or
ill-conditioned, and consequently the rotational stiffness should not be
included for such locations. Also, in cases where there is an angle between
flat elements meeting at a node, the rotational stiffness is insignificant.
Hence some judgment is necessary during the preparation of the input as to
whether or not to take this rotational stiffness into account at an individ-
ual node.

The small thick-walled tube problem previously mentioned above was
reanalyzed after all the above corrections and considerations were taken
into account. The new results are within 2% of simple beam theory if the
local perturbations due to the introduction of the end forces are neglected.

As a further check on this and other problems (for which no theoretical
solution exists) a capability of calculating the reactions has been imple~ -
mented instead of the old "residue" calculations. These reactions facilitate
an equilibrium check. This is now functional and has been used successfully
in the above problem as well as in the example described below.

The elastic analysis of a piping elbow that was described in the pre-
vious progress reportlu has been redone, and the predictions now agree
reasonably well with experimental data. The problem analyzed is depicted
in Fig. 4.6 and consisted of a 10-in. sched-40, long-radius, 90° elbow

with 12-in. and 18-in. straight pipe extensions. The material was carbon
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steel, and the experimental model was strain gaged and tested at room tem-
perature. An in-plane bending moment of 33,030 in.-1b was applied in the
case reported here.

The finite-element idealization that was used is shown for one-half
of the assembly in Fig. 4.6. Actually the full model was represented in the
analysis. A total of 456 flat quadrilateral elements (NK@D=6) were used
in the total representation. Representative results are presented and com-
pared with strain-gage data in Figs. 4.7 through 4.9.* Figures L.T and 4.8
show the variation of circumferential and longitudinal stresses along the
length of the assembly for the circumferential angles, @, of 90 and 180°,
respectively (see Fig. L.6). Figure 4.9 shows the variation of circumferen-
tial and longitudinal stresses around the circumference of the elbow at the
center of the bend.

Although these results are presented only as an indication of the present
state of the program, the reasonably good agreement between theory and ex-
periment indicates that the program gives elastic results within tolerable
accuracy. Moreover, the accuracy may be improved by refining the mesh,
particularly within areas of steep stress gradients.

A small improvement to facilitate input preparation for users of EPACA
has also been made. The format fields have all been tentatively standardized
to five and ten. Furthermore, the plotting capability of the program for
both the undeformed and deformed mesh is now operational, although the plot-
ting capability for the deformed mesh needs some modification to improve
the interpretation of the results. Figure 4.6 was produced using this

plotting capability.

4.2.2. Program distribution (J. M. Corum and J. S. Crowell)

The following minimal amount of basic verification work has now been
completed on EPACA:
1. The two flat quadrilateral elements have been used in very simple

inelastic analyses and in realistic elastic analyses. They appear to be

*¥The experimental model was tested as a part of the ORNL Piping
Program — Design Criteria for Piping, Pumps, and Valves. Acknowledgment

is due W. G. Dodge for providing the experimental data as well as the plots
presented here.
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adequately formulated and working correctly. The triangular elements are

not yet adequate, in a practical sense, because of inconvenient coordinate
systemg used for each element. The isoparametric elements are not adequately
debugged and verified.

2. The program has been used for large elastic problems, and does
appear to give good results, as evidenced by the elbow results given in the
previous subsection.

3. Simple uniaxial elastic-plastic and elastic-creep analyses indicate
that the basic features of inelastic constitutive equations are correctly
formulated and handled.

Much additional debugging and verification work remains before all of
the major features of the program and the eight available elements can be
adequately checked out. Nonetheless, the decision has been made to offer
the current version of the program to the public with the anticipation that
it can now serve as a useful design analysis tool and that feedback from
users will hasten the remaining debugging and verification process.

The program is being released under the same arrangement as that for the
two-dimensional program CREEP-PLAST. That is, the recipient must agree that
any changes and modifications will be coordinated with ORNL, so that every-
one will benefit from corrections, modifications, or extensions made to
the program, and a current updated version will always be avallable.

A formal request form and agreement document are provided on the fol-
lowing two pages. Both forms should be filled out and sent to the ORNL

Computer Librarian:

Computer Librarian

Room A228, Building L500-N
Oak Ridge National Laboratory
P. 0, Box X

Oak Ridge, Tennessee 37830

Note that a cost of approximately $40.00 will be charged to recover the

costs of materials, handling, and mailing. The signed agreement document
serves as our authority to bill your organization. This will be done after

the program is mailed to you.
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REQUEST FORM FOR EPACA COMPUTER PROGRAM

Return form to: Computer Librarian
Room A228, Building 4500-N
Oak Ridge National Laboratory
P. 0. Box X
Oak Ridge, Tennessee 37830

The source program, in card image form, will be sent to you on a magnetic
tape.

Please check the option below which comes closest to meeting your system's
reguirements as to tape format. Tapes will be prepared in advance in these
two standard formats. Your request for the program can be met more quickly
if you can accept one of these standard formats.

Option 1: T-track tape
BCD card code
556 bpi density
Unblocked records (84 characters per physical
record, with last four characters blank)

Option 2: O-track tape
EBCDIC card code
800 bpi density
Blocked records (800 characters, or ten cards, per
physical record)

If you require modifications to the option checked above, please indicate
them below.

character code BCD EBCDIC

density 200 556 800

physical record size

Note: Our 9-track tape drives are all 800 bpi density.

What type of computer will be used to read the tape?

On what type of computer will the program be executed?

Name and address of requester:

Phone number of requester:

Signed: Date:
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AGREEMENT FOR
USE OF STRUCTURAL ANALYSIS
COMPUTER PROGRAM EPACA

WHEREAS, Union Carbide Corporation, acting under its Prime Contract W-ThOS5-eng~26
with the United States of America (Government) as represented by the United
States Atomic Energy Commission (Commission), in operating and managing the
Govermment-owned facility identified as the Oak Ridge National Laboratory

entered into Subcontract No. 3535 with The Franklin Institute for the develop-
ment of a special elastic-plastic-creep structural analysis computer program
identified as EPACA; and

WHEREAS, it is one of the objectives of the Commission to provide the liquid-
metal fast-breeder reactor component manufacturers and other interested Com-
mission approved parties with a well-documented, non-proprietary structural
analysis computer program to be used by gaid recipients on their own com-
puters; and

WHEREAES, it is a further objective that all corrections, changes, and modifi-
cations should be incorporated in an up-to-date master computer program to

be made avallable by the Oak Ridge National Laboratory to all interested
aforementioned manufacturers and other Commission approved parties;

NOW, THEREFORE, in consideration of Union Carbide Corporation making the
Computer Program EPACA available to (Recipient)
on a non-exclusive, royalty-free basis, the recipient agrees to furnish the
Oak Ridge National Laboratory with any changes, corrections, modifications
or updating the recipient makes to the Computer Program, for incorporation
in a current master computer program to be made available by the Oak Ridge
National Laboratory to all Commission approved parties.

The recipient further agrees not to withhold or classify as proprietary any
of said corrections, changes, modifications and alterations to the Computer
Program and hereby grants to the Govermment an irrevocable, non-exclusive,
royalty-free license to use the same for any purpose whatsocever.

It is understood that the recipient will be billed for a handling and mail-
ing charge of approximately Forth Dollars ($40.00) due Union Carbide Corpora-
tion for the account of the Government. The exact cost will be determined
by Commission cost recovery guidelines applicable at the time of the request.

Date Name

Title

Representing

Address
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4.3. Simplified Inelastic Piping System Analysis
Computer Program PIRAX

G. H. Workman
E. C. Rodabaugh
Battelle-Columbus Laboratories

A specialized computer program to be known as PIRAX is being developed
to perform inelastic flexibility analyses of piping systems. A primary
objective of this effort is to develop a method which is simple encugh to
be used in routine design work on critical high~temperature piping systems.
The program i1s to be based on simplified, but understood, descriptions of
the elastic-plastic and creep behavior of the material and on somewhat less
than a completely rigorous inelastic analysis treatment of critical piping
components such as elbows and tees. The program will permit a quantitative,
but approximate, assessment of piping deflections and reactions to be made
on an economical basis. As a part of the development program, a simple
piping system is to be tested at elevated temperatures to provide data for
comparison with predictions of the computer program.

During this reporting period, the form of the mathematical representa-
tion of the isochronous stress-strain behavior has been tentatively fixed.

This representation is:

=z *k - (k.1)
op
where
€ = strain
g = stress
E = elastic modulus
kp = nominal plasticity strain
Oop = nominal plasticity strength
m = plasticity exponent.

The present plan is for the form of the creep/relaxation behavior to remain
as described previously. That is, only secondary creep will be explicitly

represented.
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This assumed behavior allows most of the development for the creep/
relaxation solution to be transferred directly to a psuedo elastic-~plastic
type analysis by using isochronous stress-strain curves. Also, this repre-
P

sentation is similar to that given by the well-known Ramberg—Osgoodl

formula-<ion:
1+ |2 (4.2)

£
€

where

strain

€

o] stress

€ Oy, r material and temperature dependent coefficients.

Equations (L.1) and (4.2) are directly related through the following re-

lationships:
o)
E ==L
£
Yy
k =¢
D y
o =0
op y
m=r

An example of the application of Eq. (4.1) along with the creep/relaxa-
tion solution already formulated for a cantilever beam with a constant end
displacement (relaxation) and a constant end force (creep) is given to
demonstrate the techniques to be followed for the completion of this phase.
First assume the material is type 304 stainless steel at a temperature of
1100°F. Figure 4.10, a reproduction of Fig. TA-T from Code Case 1331-T7,
Interpretations of ASME Boiler and Pressure Vessel Code,16 contains the
pertinent isochronous stress-strain relationships. If it is assumed that
the application of the load/displacement will require 100 hours, then the
proper curve can be approximated. The resulting elasto-plastic equation
is also given in Fig. L4.10, along with its plot to show its approximation to
the actuval curve. The secondary creep parameters for the creep/relaxation

17

behavior were taken from data given by U.S. Steel Corporation.
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Utilizing small deflection-beam bending assumptions, a solution can be
formulated. These solutions are illustrated in Fig. 4.1l for the relaxation
analysis and Fig. 4.12 for the creep analysis. Within each analysis, two
cases were evaluated. One corresponded to an end displacement/end force
ratio for a maximum elastic stress of 10,000 psi, while the other was for
a maximum elastic stress of 20,000 psi. The cantilever beam was assumed to
be L-in., sched-40, pipe with a length of 100 in.

The elasto-plastic portion is plotted as a fraction of the applied end
displacement for the relaxation analysis and as a fraction of the applied
end force for the creep analysis. Note that the time-dependent portion of
the plct really begins at 100 hours in these cases.

The incorporation of the elasto-plastic behavior into the basic spatially
three-dimensional digital computer program will begin next month and it is
estimated that it will require the rest of this calendar year to complete.

It is anticipated that within a month the mathematical formulation will have
progressed to the point where strain accumulations are predicted within the
formulation.

In the experimental phase, definite progress has been made within the
last month. All of the parts of the test specimen (including the elbow)
have been completed and are now being carefully measured before final anneal-

ing and welding. The annealing will be performed by ORNL.
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5. INELASTIC STRUCTURAL TESTS

J. M. Corum

Elevated-temperature inelastic structural tests, or preparations for
tests, are currently underway for six different types of simple structures:
simply supported beams, simply supported circular plates, capped circular-
cylindrical shells, finite-width plates with a circular hole, stiffened
shear-lag panels, and straight pipes subjected to thermal ratchetting con-
ditions. Results and/or progress on each of these six types of tests are
reported in the following sections. Included, in some cases, are dis-
cussions of inelastic analyses of the structures and comparisons of pre-

dicted behavior with test results.

5.1. Elastic-Plastic-Creep Tests and Analyses
of Simply Supported Beams

5.1.1. Status of test work (J. M. Corum, M. Richardson)

Two beam tests, BT and B8, which were deflection controlled, have been
completed. These tests were conducted at a temperature of 1100°F and
they used beams from the reference heat (9T2796) of type 304 stainless
steel. The beams were each 1 in. thick, 2 in. high, and 26 in. long. They
were simply supported on 24 in. centers and loaded at the midpoint. Typical
test results are given in the following subsection.

Preparations for the next two tests, B9 and Bl0O, are currently under-
way. These tests will be load controlled and will be exact duplicates of
tests B5 and B6. The purpose of these two duplicate tests is to examine
the reproducibility of the structural test data. The two load controlled
tests, B9 and B10O (or B5 and B6), and the two deflection controlled tests,
BT and B8, will provide a useful package of test results with which the
design analyst can evaluate his inelastic analysis techniques. Complete
results from these four tests will be presented in a topical report.

In our load-controlled tests, the load is maintained during the creep
portion of the test using dead weights. Mechanical friction build up and

random sudden release has been a source of difficulty during these extended
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test periods. Consequently, a load trimming device has been added to the
control system. The trimmer senses a change in the output from the load
cell and, by means of a current-to-alr converter, adjusts to the correct
load using a small pneumatic ram. With this device, the locad can be main-
tained to 10 1b.

Some effort has been made to determine the reliability of the sheathed
chrome_ -alumel thermocouples which have been used in all of our beam and
plate tests. DNew, calibrated couples used for each test produce the most
reliable data. It was found that the inherent inhomogeneity of the thermo-
couple leads precludes reuse of the couples once they have been at 1100°F
for extended periods of time and then removed. To date, reannealing of the
used thermocouples has not produced satisfactory results. Currently we are
investigating the possibility of using platinum-rhodium thermocouples as

a more economical means of measuring temperature.

5.1.2. Results of beam tests B7 and B8 and comparison
with analytical predictions (J. M. Corum, M. Richardson, and J. A. Clinard)

The loading histories for beams BT and B8 are shown in Fig. 5.1. Both
beams were subjected to an imposed center deflection of 0.10 in. during the
initial creep, or relaxation, period; this was followed by a step decrease
in center deflection to —0.10 in. for the second creep period. Both beams
were subjected to a short-time cyclic loading, between fixed deflection
limits, at the end of the creep test. The significant difference in the two
tests was that beam B8 was subjected to ten short-time cycles, between fixed
deflection limits prior to the initial creep period while beam BT was not.

A saw-tooth deflection pattern with a period of 2 min. was used for the
short-time cyclic loadings. All of the remaining deflection changes were
applied in 30 sec per quarter cycle and followed a ramp pattern.

Instrumentation for beams B7 and B8 consisted of seven DCDT's and seven
dial gages for transverse deflection measurements, ten thermocouples, and
four Ailtech (Microdot) SGLU25 strain gages.

The measured temperature ranges, over the middle 16 in. of the beam
length, are shown in Figs. 5.2 and 5.3 for various times during beam tests

BT and 38, respectively. The temperatures during test BT very nearly met our
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ultimate goal for temperature control. We are striving for temperature
variations in our structural tests of less than *5°F both spatially and
with time.

The results of test BT are typified by the plots of measured center
load versus center deflection shown in Figs. 5.4, 5.5, and 5.6 for the
various portions of the loading history. Bach figure also contains, for
comparison, the predictions of an elastic-plastic-creep finite element
analysis using the CREEP-PLAST computer program. The finite element mesh
used was the same as in previous beam analyses that have been reported
(see, for example, Ref. 18). A bilinear representation of the cyclic stress-—
strain curve for a strain range of 0.4% was used, and for all plastic load-
ings stbsequent to the first, the tenth cycle representation was used. The
material properties used were identical to those used for the bilinear
analysis of plate CPl, as described in Refs. 19 and 20.

The measured center load is shown as a function of deflection in Fig.
5.4 for the initial loading to a center deflection of 0.10 in. (points 1 to
2), for the hold period at constant deflection (points 2 to 3), for the
reversed loading to —0.10 in. (points 3 to 4), for the subsequent hold
period at constant deflection (points L to 5), and finally for the load-
ing back to zero deflection (points 5 to 6). In this deflection controlled
situation, the agreement between measured results and predictions is good.

Figure 5.5 shows the load relaxation as a function of time during the
hold periods at constant center deflection. Here the total load relaxation
is reasonably well predicted by the analysis, although the predicted drop
in load 1s not initially as large as the measured drop. This disagreement
is due in part to the fact that the uniaxial creep law underpredicts the
very steep initial portions of the actual measured uniaxial creep response
of the material (see, for example, Fig. 4.15 of Ref. 19).

Figure 5.6 shows the results of the ten post-creep cycles between the
fixed center deflection limits of *0.1 in. The analysis results shown are
for one partial post-creep cycle. The prediction represents the measured
data reasonably well.

The agreement between the measured results and the predictions shown
in Figs. 5.4, 5.5, and 5.6 is noticeably better than in previous load-

controlled tests. This was not unexpected, and it is significant because
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most inelastic loadings in actual structural situations are largely defor-
mation controlled. Note that the analytical predictions were based exactly
on the methods recommended in Appendix A of RDT Standard F9—1T.2l

The test results for beam B8 are typified by the load-center deflection
plots in Figs. 5.7 through 5.10. Figure 5.7 shows the results for the ten
pre-creep cycles between the fixed center deflection limits of #0.1 in.
Note the significant cyclic hardening that occurs. Figures 5.8, 5.9, and
5.10 for beam B8 are analogous to Figs. 5.4, 5.5, and 5.6 for beam B7. Com-

pariscn of the corresponding figures in the two sets shows the effects of

the prior cyclic hardening in beam B8.

5.1.3. Cyclic hardening bilinear analysis of
beam B6 (W. K. Sartory)

In the preceding progress report22 the experimentally determined be-
havior of the cyclicly loaded beam B6, which was tested at 1100°F, was com-
pared with the results of a number of elastic-plastic analyses. An addi-
tional analysis of beam B6 has now been carried out using a new cyclic hard-
ening wilinear representation of the plastic behavior which was described in
Section 2.1 of this report. A typical uniaxial cyclic curve obtained using
this representation is shown in Fig. 5.11. The behavior predicted for beam
B6 for the first and second cycles of loading between #2000 1b is shown in
Figs. 5.12 and 5.13. The beam appears to be harder than predicted for the

first reverse loading, but otherwise the agreement is reasonably good.

5.2. Elagstic-Plastic-Creep Tests
of Simply Supported Circular Plates

Jd. M. Corum
M. Richardson

Two deflection controlled elevated-temperature elastic-plastic-creep
circular plate tests CP3 and CP4, have been completed. These two tests were
very similar to beam tests BT and B8 described in the previous section.

They were conducted at a temperature of 1100°F and they used plates from the
reference heat (9T2796) of type 304 stainless steel. The plates were each
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20.75 in. in outside diameter and 0.50 in. thick. They were loaded at the
center through a bass, and they were simply supported on a 20.0 in. diameter
circle. The geometry of the plates and the instrumentation used is identi-
cal to that shown in Fig. 5.12 of Ref. 23.

"he loading histories for plates CP3 and CP4 are shown in Fig. 5.1k,
Both plates were subjected to an imposed center deflection of 0.11 in. during
the initial creep, or relaxation, period; this was followed by a step de-
crease in center deflection to —0.11 in. for the second creep period. Both-
plates were subjected to a short-time cyclic loading, between fixed deflec-~
tion limits, at the end of the creep test. The significant difference in
the two tests was that plate CP3 was subjected to ten short-time cycles, be-
tween fixed deflection limits, prior to the initial creep period while plate
CP4 was not. A saw-tooth deflection pattern with a period of 2 min. was
used for the short-time cyclic loadings. All of the remaining deflection
changes were applied in 30 sec per quarter cycle and followed a ramp pattern.

The measured temperature ranges over the middle 13.5 in. of a single
diameter are shown in Figs. 5.15 and 5.16 for various times during plate
tests CP3 and CPL, respectively. The temperatures in test CP3 were well
within our goal of 1100 * 5°F, while the temperature in test CP4 occasion-
ally became locally hotter than 1105°F by 2 or 3°F.

The results of tests CP3 and CPL are typified by plots of the measured
center load versus center deflection analogous to those presented in the
previous section for beams B7 and B8. The results for CP3 are shown in
Fig. 5.17 through 5.20. Figure 5.17 shows the results for the ten pre-creep
cycles between the fixed center deflection limits of #0.11 in. The measured
center load is shown as a function of deflection in Fig. 5.18 for the initial
loading to a center deflection of 0.11 in. (points 2 to 3), for the hold
period at constant deflection (points 3 to 4), for the reversed loading to
—0.11 in. (points 4 to 5), for the subsequent hold period at constant de-
flection (points 5 to 6), and finally to the loading back to zero deflection
(points 6 to T).

Fig. 5.19 shows the load relaxation as a function of time during the
hold periods at constant center deflection. Finally Fig. 5.20 shows the
measured results for the ten post-creep cycles between the fixed center

deflection limits of 0.11 in.
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The test results for plate CP4 are shown in Figs. 5.21, 5.22, and
5.23, which are analogous to Figs. 5.18, 5.19, and 5.20 for plate CP3. Com-
parison of the corresponding figures in the two sets shows the effects of
the prior cyclic hardening in plate CP3.

Inelastic analysis results for plates CP3 and CPL will be presented
and compared to test data in the next progress report. Those readers wish-
ing to make their own analytical comparisons with the experimental results
should use the material properties data for the reference heat discussed in

connection with beams B7 and B8 in the previous section of this chapter.

5.3. Weldment Creep-Rupture Studies

W. J. McAfee
M. Richardson
W. K. Sartory

5.3.1. Experimental program

Testing and inspection of the tubular WCR specimens is continuing on
schedule. During this reporting period two specimens were inspected after
reaching a total test time of 2000 hrs. The deformation measurements obtained
were used to calculate comparative time dependent strains for selected
points of interest in each specimen. These results are shown in Table 5.1
and in Fig. 5.24. Both the table and the figure include previous data.gh
The base metal of each specimen continues to accumulate significant creep
strain. The general deformation trends, as established by previous inspec-
tion data, are being continued with one exception. This exception is that
cylindrical segment of Spec. 3-M2 that is made of bar material. Preliminary
calculations indicate that approximately 0.1% maximum circumferential creep
strain was accumulated in this cylindrical portion of Spec. 3-M2 during the
time interval 1000—2000 hrs. The cylindrical segment of this specimen made
of pipe material, during this same time interval, accumulated approximately
0.5% maximum circumferential creep strain. This difference in creep behavior
is shown graphically in Fig. 5.24.

In comparison to the base metal, the weld material of both the specimens
inspected has accumulated very small circumferential strains. No definite

trends in weld deformation behavior have been established as yet.
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Table 5.1. WCR creep deformation

Total test time (hr)

Specimen Vatordal 500 1000 1500 2000 Stre§sa

No. (ksi)
Average circumferential strain
(%)

1-M2 Base metal (pipe) 1.693 17.0
2-M2 Base metal (pipe) 1.477 2.013 2.433 17.0
Base metal (bar) 1.036 1.k4o7 1.687 17.0
Weld 0.205 0.060 0.185 17.0
3-M2 Base metal (pipe) 1.508 2.069 2.580 17.0
Base metal (bar) 0.952  1.759 1.870 17.0
Weld —0.225 0.216 —0. 005 17.0
L-M2 Base metal (pipe) 1.939 2.563 7.977b 19.8
Weld 0.285 0.270 2.302b 19.8
Weld 0.315 0.230 2.h6hb 19.8

a .
Von Mises

bStrain after temperature increase.
Failure time = 1136 hrs.
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One specimen failed during this period; this was Spec. L-M2., The
design life of this specimen was 1000 hrs. It had accumulated 1136 hrs in
test when failure occurred during a period of increased furnace temperature.
It is estimated that the specimen reached 1L00°F before failure occurred.
Thus the failure data shown in Table 5.1 present difficulties in interpre-
tation since significant creep strain could have accumulated in a very short
time at the higher temperatures. The ruptures in this specimen were in the
weld region and were small fissures. This is unlike previous specimens that
ruptured in the base metal. A complete dimensional inspection is to be
performed after which the specimen will be sectioned for visual and metallo-

graphic inspection.

5.3.2. Test data reduction

Data reduction for the weldment creep-rupture specimens has been de-
scribed in an earlier report.25 Further work has now been carried out in
fitting equations to the cylinder and cap deformations to determine the
strain.

Material particles are identified by considering the specimen to be
in a hypothetical reference state in which its geometry is a perfect cylin-
der. A cylindrical coordinate system is then set up and each particle is
identified by the reference coordinates (r, 6, z).

The deformed location of a particle is given by its Cartesian coordi-

nates (x, y, z), and the undeformed location is given by the Cartesian co-

ordinetes (X, ¥, 2). To interpolate between measured points, the series

x(0, z) = P;(z) + Pa(z)cos B + P3(z)sin B + P,(z)cos 28 +
Ps(z)sin 20 + Pg(z)cos 38 ,

where P, ,—,P¢ are polynomial spline functions, is used. The spline func-

tions are continuous and have two continuous derivatives across the scribe

rings. Interpolation eguations of the same form are used for y, 2z, 2, ¥, Z.
I'or a hemispherical cap the reference state is a perfect hemisphere,

and the interpolation equation is
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x(é, ¢) = Pi(cos ¢) + sin 5 Po(cos ¢)cos 0 + sin ¢ P3(cos é)sin 0 +
sin? $ Py (cos $)cos 20 + sin?® $ Ps(cos a)sin 26 +

sin?® 5 Pe(cos ¢)cos 30 R
where ¢ is the reference angle measured from the pole.

For a disc cap, the reference state is a perfect disc, and the inter-

polation function is

x(r, 8) = P1(T?) + TP,(r%)cos 6 + rP3(¥2)sin 6 + r2P,(r2)cos 28 +

72Ps(¥2)sin 28 + 73P¢(¥2)cos 36

The form of the cap equations is chosen so as to force the deformation to
be analytic at the center point.

Using index notation, the strain tensor is defined as

o9x. 9x. 9% . 9%,
e

1 i 1
Can = 3 e
9x_ 0Xx 09X 9x
m n m n
where X1 X 4, X2 =Y X3 = 2z
N N /\_/\ /\_/\
X1 X 5 X2 T Y , X3 T2
X1 =r , X, =0, x3 =2z fora cylinder or disc
X] =T , Xp =6 , X3 =¢ for a hemisphere

Because it follows the conventions of tensor analysis which emphasize
simplicity of transformation, the strain tensor & n does not reduce to

engineering strain in the infinitesimal limit. The alternative strain

measure
) ;_(afi Bxi _-ij ax_\ /J//Bxk Bxk sz 3X2
®mn ~ 2 3% 9% o% az} 3% 9x_ 9% 9%
\ m n m n m m n n
(no summation on m, n)

sometimes referred to as the "physical components' of the tensor, is not
itself a tensor but does reduce to engineering strain (except for a factor
of 2 in shear) and is therefore easier in interpret.

Figure 5.25 shows the radial and hoop physical strain components for
a disc cap. Figure 5.26 shows the axial and hoop strain for a cylinder

with two welds.
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Fig. 5.25. Inelastic strain (plastic plus creep) at outer surface
of flat cap versus radial position in cap for Spec. 1-Ml (see Ref. 25).
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5.4. High-Temperature Moire Strain Analysis
of an In-Plane Loaded Finite-Width Plate with a Circular Hole

A, J. Durelli
The Catholic University of America

The object of the research reported here is to strain analyze a finite-
width stainless steel plate with a circular hole when it is subjJected, at
1100°F, to an in-plane, unidimensional, reverse loading that produces
elastic-plastic and creep deformations. In the investigation an attempt
will b= made to provide high temperature structural test data for compari-
son with independently obtained theoretical predictions and also to demon-
strate the applicability of moire to analyze, at elevated temperatures,
structires exhibiting elastic-plastic-creep behavior.

To conduct the test, a special loading frame, a special furnace, and
special measuring equipment are required.

a) In the first three months, preliminary work was conducted to build
the equipment and prepare the plate for application of the measuring tech-
nique.

b) In the second quarter period the building of the loading frame was
started, the design of the furnace was well advanced and a new temperature
recorder was obtained.

¢) In the third quarter pericd the loading frame components were
assembled and a plate tested in the frame, under tension and compression,
for proper application of loading. The furnace was built and the desired
temperature attained.

d) In the fourth quarter period the technigques to apply gratings to the
surface of the plate were developed. Appreciable time has been spent to
obtain sufficient contrast between lines and interlines of the grating, when
the photograph is obtained at 1100°F,

e) In the fifth quarter, which is reported here, a preliminary stain-
less steel test specimen, provided by ORNL, was tested in the furnace fol-
lowing the specified loading cycle, at the specified temperature. Photo-
graphs were taken at periodic intervals. These preliminary results will

be evaluated in the next quarter.
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Efforts are still underway to improve the contrast in photographs of
the 500-lines-per-inch grating at 1100°F. To minimize oxidation effects,
etc., the furnace has been made almost leak proof and nitrogen and later
argon, were fed in continuously during the test of the preliminary specimen.
Argon seems to give better results. Experiments are being conducted to fill
the interlines with temperature resistance materials that will increase the
contrast. ©OSeveral fillers have been tried: graphite, calcium carbonate,
manganese dioxide and titanium dioxide, some of them mixed with sodium sili-
cate. ©So far none of them seem to be completely satisfactory. The use of
sodium silicate had to be discarded.

These studies are being continued. A small asbestos box with infrared
lamps and quartz tubes has been built to test gratings, etching procedures,
and photography techniques on small specimens. The specimens, to be sup-
plied by ORNL, will come from the same heat of type 304 stainless steel
(9T2796) as the actual structural test specimen.

5.5. Elevated-Temperature Test of Stiffened
Shear-Lag Panel

R. L. Egger
D. R. Harting
Boeing Aerospace Company

This effort is in progress at the Boeing Aerospace Company in Kent,
Washington. The program, consisting of a series of tests that are based on
the use of a stiffened shear-lag panel specimen design, has two purposes:
first, to provide elevated temperature structural test data for comparison
with elastic-plastic-creep structural analysis predictions, and second, to
further develop and demonstrate the applicability and potential of the
Boeing high temperature capacitive strain gage as an accurate, long-term
stable measuring device for liquid-metal fast-breeder reactor structural
applications.

This is the third quarterly progress report. Accomplishments during
this period are summarized below and elaborated upon in the remainder of

this section.



126

*Machining, straightening, and annealing of shear-lag specimen No. 2
was completed. Tensile gpecimens were made and tests performed to
determine the yield stress of specimen No. 2 and the grain sizes

of both specimens No. 1 and No. 2.

*Specimen No. 1 was instrumented for the thermal survey testing.

*Thermal survey testing was completed. During the survey, the heat-

ing system was modified to reduce specimen temperature gradients.

*The loading system was proof-tested and the guide bearing support

structure was modified to improve the alignment of the specimen
buckling restraints.

*Shear-lag specimen No. 1 was instrumented for the room temperature,

500°F and 1100°F load tests. Signal conditioning and control equip-
ment was set up and is ready for these tests.

One temperature cycle to 2000°F (with slow cooling) was used to both
anneal and straighten shear-lag specimen No. 2 (as reported in the last
quarterly report,26 the panel sections of specimen No. 2 distorted when the
picture frames were removed). DBased on the tests of four tensile coupons,
the room temperature 0.2% yield strength of specimen No. 2 was found to be
27,000 psi. The ASTM grain size of specimen No. 1, which was subjected
to threes annealing/straightening cycles to 2000°F, was between 0 and +1.
The ASTM grain size of specimen No. 2, which was subjected to only one
annealing/straightening cycle, was between +2 and +3.

The primary purpose of the thermal survey tests was to verify that
the temperature of the shear-lag specimen could be held uniform at 1100°F.
Included as part of the thermal survey tests were functional tests of the
oven, heating equipment, temperature measuring instrumentation, and fail-
safe systems. Load cell envirommental effects were also monitored. Shear-
lag specimen No. 1 was instrumented with nineteen response thermocouples
(plus control and fail-safe thermocouples) for the survey tests.

The thermal survey testing began with the heating oven divided into
two temperature control zones; this configuration, however, could not con-
trol the specimen temperature gradients within the desired tolerances. The
oven was subsequently modified so as to be divided into six control zones,
after which another thermal survey test was performed. The specimen was

maintained at 1100°F * 5.5°F for over twenty-four hours.
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Functional tests of the fail-safe and redundant heat control systems
demonstrated that the redundant systems would switch on automatically and
control the specimen temperature to within the same tolerance as the primary
systems. Transient perturbations during the transition were less than LO°F.
No load cell envirommental effects were observed.

Using a bar to simulate a shear-lag specimen, the load control system
was proof-tested to demonstrate that tension and compression loads of up
to 16,000 1b could be applied at rates of up to 600 1b per second. The
guide bearing support structure was modified so that it would be self-
aligning, thus eliminating the necessity for precision shimming each time
a specimen was installed in the load fixture.

The thermocouples installed on specimen No. 1 for the thermal survey
tests were removed. Twenty-five bonded resistance strain gages, one
capacitive strain gage, and ten response thermocouples were installed in
preparation for the preliminary room temperature, 500°F, and 1000°F load
tests of specimen No. 1. The bonded resistance strain gages were selected
and installed for operation at 500°F. Nineteen of the bonded resistance
strain gages have 1-in. gage lengths (to simulate the capacitive strain
gages to be used on specimen No. 2); the other six bonded resistance
strain gages have 1/8-in. gage lengths and will be used to correct for the
high transverse sensitivity of the l-in. gage length gages. Figures 5.27
and 5.28 are photographs of the front and back sides (respectively) of
specimen No. 1. The capacitive strain gage (without a cover) is shown in-
stalled at the mid-section of the specimen in Fig. 5.24, A second capaci-
tive strain gage, with a cover, 1s shown installed at the far edge of the
specimen in Fig. 5.27. This gage was installed earlier to establish that
there were no oven power supply effects on the capacitive gage and its lead
wires.

Load testing of specimen No. 1 is scheduled to begin the week of July
16. The room temperature and 500°F loads will be limited to the elastic range
of the specimen. The bonded resistance strain gages will be removed for
the 1100°F load tests and only the capacitive gage at the center of the speci-
men will monitor strain.

Specimen No. 2 will be instrumented for the 850 hr test at 1100°F, which

is scheduled to begin the second week in September.
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5.6. Pipe Thermal Ratchetting Tests

At the beginning of this report period the dummy test section, which
was used for shakedown testing of the Thermal Transient Test Facility (TTTF),
had been removed, and the first fully instrumented 8-in.-diam x 0.375 in.
wall pipe test section, which was designated as test section 3B and con-
structed of type 304 stainless steel, had been installed. After a room
temperature calibration of the high-temperature strain gages at the 700 psi
operating pressure, the facility was heated and the test section was sub-
jected to one isothermal sodium flow transient (isothermal transient) at
800°F, which proved that the modification to the pipe supports had reduced
the bending stresses to within an acceptable range and the addition of vibra-
tion dampers had reduced the vibration to an acceptable level.

Test section 3B was then subjected to 10 test cycles, each consisting
of a thermal downshock in the sodium temperature from 1100°F to 800°F in
10 sec followed by a 160-hr period of sustained operation under internal
pressure at 1100°F to obtain a 7-day ratchetting cycle. Shortly after the
end of the current reporting period, the test section was subjected to
four additional ratchetting cycles. Strain data were obtained for the
first three of these and consequently results for 13 ratchetting cycles
(13 weeks of operation) will be presented later in this section.

The testing of the first specimen (3B) is described in the following
subsection together with a brief summary of the test plans and conditions
for the second test specimen (3C). Operation and modification of the TIT
Facility is then discussed in the next subsection. Finally, the inelastic
ratchetting analyses thalt were performed are summarized in the last sub-
section and the test results are presented and comparisons are made with

analytical predictions.

5.6.1. Pipe thermal ratchetting testing
and test plans (J. M. Corum, A. G. Grindell, J. E. Smith, and H. C. Young)

5.6.1.1. Test series 1 (specimen 3B). The installation of test

section 3B for the first pipe thermal ratchetting test series was nearly

completed at the beginning of this report periocd. The test section was

. 2
supported by the redesigned and strengthened pipe anchor and pipe guide. 1
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Automotive shock absorbers were installed at each of two locations, one near
the inlet to the test section and the other at the midpoint in the orifice
run. Three absorbers were placed orthogonally in the X, Y, and Z planes at
each location. A number of room temperature strain gages were installed,
and the test section and system piping were pressurized with argon to 70O
psig at room temperature to calibrate the three Boeing capacitive strain
gages, six Ailtech (Microdot) weldable strain gages, and two strain-gage-
based, alr-cooled, extensometers (the instrumentation for test section 3B
was described in Ref. 37).

The system was then filled with sodium, and the test section was sub-
Jected to one isothermal flow transient with 800°F sodium during which the
recorded outputs of three accelerometers mounted on the test section and the
recorded rectilinear plots of the capacitive strain gage outputs were ob-
served. These outputs indicated that the shock absorbers and the redesigned
test section supports had been effective in satisfactorily reducing the vibra-
tion reported previously.27 As the temperatures of the test section and the
sodium system were being prepared for the first thermal transient, the
capacitive strain gages indicated that the maximum stress induced in the
test section by the thermal expansion of the interconnecting sodium piping
system was less than 200 psi, a value which is acceptable.

The test section was then subjected to the first thermal transient, in
which the sodium temperature in the test section was reduced from 1100 to
800°F in approximately 10 sec with a programmed flow of temperature graded
sodium. During the transient the sodium static pressure was maintained
within the range of 700 psig *25 psi. Initially, we had planned to operate
the test section at the creep test conditions of 1100°F and 700 psig *5 psi
for a duration of approximately 21 days to achieve a ratchetting cycle of
3 weeks; however, at the request of AEC-RRD, the duration of the creep test
was reduced to approximately 160 hr to provide a ratchetting cycle of 1 week.
The test section subsequently was subjected to ten l-week ratchetting cycles
as indicated in Table 5.2.

For ready reference, the nominal sodium temperature and pressure his-
tories for the first test are depicted in Fig. 5.29. During the thermal
transient (from points a to b in Fig. 5.29), temperature and strain data

were recorded every 0.2 sec by a high-speed data acquisition system. During



Table 5.2.

Ratchetting cycle operation test series 1 (test section 3B)

Thermal transient
1100°F to 800°F
29, 5°F/sec (max)

T-day creep test
1100°F and T00 psig
steady state

Cycle

Cycle

Yo. Time Date No Duraticn Hours
1 13:10  L4/2L/73 1 22:40 on 4L/24/73 to 11:54 on 5/1/73 156.3
2 11:54  5/1/73 2 21:10 on 5/1/73 to 11:48 on 5/8/73 158.5
3 11:48  5/8/73 3 22:31 on 5/8/73 to 11:27 on 5/15/73 157.0
4 11:27  5/15/73 4 20:15 on 5/15/73 to 12:03 on 5/22/73 159.8
5 12:03 5/22/73 5 21:25 on 5/22/73 to 11:26 on 5/29/73 158.0
6 11:26  5/29/73 6 20:55 on 5/29/73 to 10:46 on 6/5/73 157.8
7 10:46  6/5/73 T 19:50 on 6/5/73 to 10:45 on 6/12/73 158.9
8 10:45  6/12/73 8 20:20 on 6/12/73 to 10:53 on 6/19/73  158.5
9 10:53  6/19/73 9 20:15 on 6/19/73 to 10:48 on 6/26/73  158.5

10 10:48  6/26/73 10 20:00 on 6/26/73 to 10:30 on 7/2/73 158.5

CET
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the heat-up period (points d to e) and the 160 hr hold period (points e to
f), data were recorded every 15 minutes.

After draining the sodium from the system, we plan to remove the test
section oven to measure the absolute strain values on the circumferentially
and axially oriented Demec gages. We then plan to refill the system with
sodium and conduct five additional l-week ratchetting cycles with this test
section.*

For the next test, Test Series 2, to be performed with test section 3C,
we plan to change the ratchetting test conditions to 400 psig with a thermal
downshock of approximately 23°F per sec and to increase the duration of the
creep test portion of the cycle to 2 weeks. Therefore, at the completion
of the 15 scheduled ratchetting cycles with test secticn 3B and before re-
moval of this test section, we plan to operate at these new conditions
through several isothermal flow transients and one or more thermal transients
to prove the facility capability for the lower sodium flow and thermal down-
shock rates as well as demonstrate the operation of the high-pressure gas

control system at the revised conditions.

5.6.1.2. Plans for test series 2 (specimen 3C). The second 8-in.-

diam by 30-in.-long test piece (designated test section 3C) was fabricated,
and it is ready for final pressure and leak testing. The inlet end of the
bladder in the test section was modified to provide better flow guidance

in an attempt to reduce temperature fluctuations in the flowing sodium that
were observed during the thermal transient operaticns with test section 3B.
The butt weld end cap on the inlet end of the bladder was replaced with a
6~in. by 2 1/2-in., schedule-10 reducer and 2 1/2-in. butt weld cap as
shown on Fig. 5.30. Also, the test section design was modified to provide
a gas vent and a sodium drain. The configuration of the sodium piping
causes gas to be trapped in the test section during sodium filling; the

gas vent line will eliminate this operational problem. The sodium drain
will permit removal of a small sodium heel at one end of the test piece

and will ease the task of cleaning the interior of test sections in the

event of either subsequent use or extensive metallurgical examination.

*¥Subsequent to the current reporting period, four additional ratchet-
ting cycles were conducted. A temporary malfunction in the capacitive gage
system precluded the obtaining of reliable strain data during the last of
these.
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The conditions for the first pipe thermal ratchetting test (test series
1, specimen 3B) were extreme in that the combination of primary (pressure)
and secondary (thermal) stresses was in a region outside the range of normal
LMFBR design, and the ratchetting phenomenon was dominated, at least initially,
by plastic ratchetting relative to creep ratchetting. TFor the second test,
we plan to relax the conditions sufficiently to put the test inside the
normal design region.

The regions commonly identified in ratchetting evaluations are shown
in Fig. 5.31. Regions R; and Rz are dominated by plastic ratchetting, and
are avoided in normal operation. As can be seen in the figure, our first
test was in the Ry region. The dashed line in Fig. 5.31 shows the approxi-
mate combinations of elastically calculated primary and secondary stresses
which can currently be obtained in the TTTF without significant hardware
modifications. The second test (specimen 3C) has been chosen to lie on this
line, and is shown in the P region of Fig. 5.31.

The specific test conditions for test series 2 are:

Thermal downshock from 110C°F to 800°F 23°F/sec

Internal pressure Loo psi
Hold time (based on 2 week cycle) 328 hr
Total number of cycles 1015

The sequence of events and procedures will be exactly the same as in the
first test, and the nominal temperature and pressure histograms are the
same except for the above changes.

The predicted outside circumferential strain versus time based on the
above nominal conditions i1s shown in Fig. 5.32. Note that 15 cycles extend
Just past the knee of the curve. Beyond 15 cycles the predicted deformation
in essentially time-dependent creep only. DNote also that the total circum-
ferential strain at the end of 15 cycles is predicted to be about 0.09%.
This is approximately one-third of the strain in test series 1.

The test section instrumentation for test series 2, as indicated below,
is to be identical to that used for test series 1 with the exception of

the addition of four more active Boeing capacitive strain gages:
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Sodium thermocouples 5
Through-the-wall thermocouples (including the 6
associated outside surface thermocouple)

Outside surface thermocouples 12
Microdot gages 6
Strain-gage-based extensometers 2
Boeing capacitive strain gages 6
Thermocouples associated with Boeing gages 1h*
Source tank pressure 1
Source tank sodium level 1

Total 53

Three capacitive gages will be located in the circumferential direction,
90° apart at the middle of the test section; two capacitive gages will be
located axially, 180° apart at the middle; and one will be located cir-
cumferentially on a weld at the end of the test section. The thermocouple
locations will be unchanged. The mechanical extensometers and Prewitt
scratch gages that were installed on test section 3B will not be installed
on test section 3C. The Demec tabs will still be used.

The ANSCAN fast speed data acquisition system (FSDAS) that was used
during the first four thermal transients in test series 1 is no longer
available to the Thermal Transient Test Facility. The technical feasi-
bility of using the FSDAS recently installed in the LMFBR-Fuel Failure
Mockup (in the same building as the TTTF) was investigated. Two two-
conductor shielded cables were installed to connect the TTT Facility to the
FFM-FSDAS. The cable routing, approximately 350 ft long over a double
crane-bay area, was selected to minimize the pickup of 60 Hz noise. Tests
made with various signals from the TTTF indicated that the basic intercon-—
nection was feasible and a total of 60 of the two-conductor cables will be
installed between the two facilities. The programmatic feasibility of
coordinating and correlating thermal transient data, taken with a shared

FSDAS, and creep test data taken locally remains to be proven.

¥Both the rod connecting the two ends of each capacitive strain gage
and the specimen surface directly underneath are instrumented with thermo-
couples to provide data for computing corrections required by any tempera-
ture differences between the two. On one of the gages to be used in test
series 2, the gage rod will be instrumented with three thermocouples (one
in the middle and one on each end) to provide information regarding the
uniformity of the gage temperature.
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5.6.2. Test facility operation and modificatiocn
(A. G. Grindell and H. C. Young)

Melting of the sodium in the sump tank was initiated December 15, 1972,
and the system piping was filled with sodium on December 28, 1972. By the
end of this report period the test facility had sustained 11 isothermal
sodium flow transients (isothermal transient) and five thermal transients
with the dummy test section and an additional isothermal transient and ten
complete ratchetting cycles with test section 3B. The sodium system has
been operated at 700 psig and at temperatures from 800 to 1100°F for
approximately 2000 hr.

The high~-pressure argon control system maintained the gas pressure in
the sodium source tank during the creep test operation at 700 psig *2 psi
(allowable is *5 psi) and during the thermal transient at 700 psig +15,

—20 psi (allowable is 25 psi).

The test section oven controller governs the output of a saturable
reactor to four variable transformers that directly supply the oven heaters.
This arrangement provides a nearly infinitely variable control of the oven
power supply. The controller has consistently held the test section tem-
perature within *1°F of the set point during the creep test period (required
temperature 1is 1100°F #5°F). The test section temperatures are monitored on
a panel mounted temperature indicator and are recorded by the Dextir data
acquicition system. A 9°F difference, noted at one time, between the tem-
peratire indicator and the Dextir reading was traced to an error in the
standsrd millivolt input signal used to calibrate the temperature indicator.
Although the calibration of the standard was within the specified recalibra-
tion cate, the voltage of the standard cell had dropped and the technique
for rezeroing did not uncover the error. It is believed part of the error
(as much as 7°F) was caused by use of an incorrect ice bath technique for
the reference junction. Because the temperature indicator is critical to
accurately setting up the pipe nest temperature gradient for the thermal
transient, its calibration has since been routinely rechecked each week.

The technique used for performing calibration checks was reviewed and
improved.

"he temperature at the inlet thermal sleeve on the thermal capacitance

tank was monitored with a high-speed recorder during a thermal transient.
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The results were superimposed in Fig. 5.33(a) on a prediction of tempera-
ture vs time used in an inelastic analysis reported previously.28 The ex-
perienced thermal transient appears to be less severe than that used in the
analysis. The sodium shutoff valve has continued to operate satisfactorily.
The thermal capacitance tank effectively isolates the sodium valve during
the thermal ftransient downshock. The valve body temperature changes only
about 25°F in 60 sec.

A number of alarms and controls are provided for monitoring the test
facility during unattended operation. Any one of about 50 fault conditions,
all of which sound an alarm locally, will sound an alarm during unattended
operation in the Plant Shift Superintendent's office (PSS). The PSS notifies
the designated responsible test facility operating personnel whenever there
is an alarm during unattended operation. Some of the fault conditions sound
an alarm only, while others provide for automatically shutting off electri-
cal power to all trace heaters and venting the high argon pressure in the
sodium source tank. A limited number of fault conditions will drain the
system. It is important that spurious signals or false alarms do not cause
unwanted thermal transients or otherwise abort the test program. Since the
system was first filled with sodium, the PSS has notified the operating per-
sonnel of alarm conditions on 34 occasions. None of these resulted in a
change in pressure or temperature on the test section. Wine or ten alarms
received on one high~temperature alarm that shuts off the system heaters
occurred during shakedown prior to operation with test section 3B. This
fault was traced to a defective temperature monitor. The pressure in the
instrument air supply to the building twice fell below normal value for
short periods; however, the facility continued to operate on a nitrogen bot-
tle system that is piped in parallel with the instrument air supply but iso-
lated from it by a check valve. Most of the other alarms occurred on tem-
perature recorders that give an alarm on high temperature only for which the
corrective action is performed manually. Although a few of the alarms could
be traced to malfunction in temperature recorders, most were caused by a
gradual increase in a temperature that had been set very close to the alarm
point. A small voltage increase (“+1%) in the building electrical supply
was enough to cause an alarm. There were no alarms during unattended opera-
tions for the final five of the ten pipe ratchetting cycles with test section

3B.
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Fig. 5.33. Thermal transient temperature vs time for thermal

capacitance tank in the LMFBR-TTTF.

a. Note comparison of thermal transient of the thermal sleeves at
tank inlet as measured with TE-242 on high-speed recorder to
the more severe transient used in the inelastic analysis of the
sleeve.

b. Note locations of thermocouples on tank. TE-242 is plotted above
in (a). TE-243 initially at 800°F reached a new equilibrium of
850°F in 67 sec. TE-248 initially at 750°F reached a new
equilibrium of T73°F in 60 sec.
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An unused cold trap and economizer, designed and fabricated for the
Aircraft Huclear Propulsion Project, was installed on the sump tank after
upgrading to quality level II by appropriate tests and inspections. Initial
operation using steam for heating and cooling the cold trap was not satis-
factory. Building instrument air was substituted for steam and trace heaters
were installed on the helically wrapped cooling coil mounted on the cold
trap external surface. The cold trap, cooling coil, and heaters were then
covered with thermal insulation. Although temperature control was improved
greatly, some difficulty was experienced in establishing flow through either
the cold trap or the parallel sample station. The sodium flow indication
from an electromagnetic flow meter would respond to an increase in electro-
magnetic pump voltage only to decrease gradually to zero, suggesting that
the system was gas bound rather than plugged. The sump tank was evacuated,
the cold trap degassed, and satisfactory sodium flow was established. The
cold trap had since operated at 290°F outlet temperature which is equivalent
to an oxygen level of approximately 2 ppm. Earlier analysis of the sodium
samples by the mercury amalgamation method indicated about 13 ppm. Results
of the most recent sample analysis are not yet available.

The test facility design was modified by connecting a nozzle, installed
at the bottom of the pipe nest during original facility construction, to the
sump tank to provide a drain for the sodium trapped at the bottom of the
pipe nest. After the initial sodium filling operation, the trapped sodium
presented an operational problem during all subsequent refillings. It
required the use of separate lines to evacuate the sodium system both up-
stream and downstream of the trap. The evacuation was further complicated
because the only ingress into the downstream portion was through a syphon
break line installed into the sump tank side of the sodium shutoff valve
which separates the sodium system from the sump tank. This in turn required
evacuation of the sump tank to avoid raising sodium into the system until
the evacuation operation was completed. The trapped sodium also required
protection against the intrusion of air and moisture during test section
replacement or any maintenance or modification that required opening the

sodium system.
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5.6.3. Results from first pipe thermal ratchetting test
and comparisons with analytical predictions (J. M. Corum and W. K. Sartory)

5.6.3.1. Inelastic analysis. The ratchetting analysis was carried

out using the PLACRE computer program, which was developed primarily as a
research tool at the Oak Ridge National Laboratory. PLACRE is a two-
dimensional finite-element program for elastic-plastic-creep analysis of
plane and axisymmetric structures. For plasticity analyses, it uses the
modified stiffness method, with iterations within each load increment.
For creep, the usual time-increment, initial strain approach is employed.
For general two-dimensional analyses, three-node triangular elements
are used in PLACRE. However, since the ratchetting problem in a long,
straight pipe can be considered one-dimensional, in the sense that tempera-
ture, stress, and strain are each dependent only on the radius, a special
pipe-wall bending element was added to PLACRE to more efficiently perform
29

pipe ratchetting analyses. This element, which is shown in Fig. 5.34(a),
is a three-node constant-strain axisymmetric rectangle. Nodes 1 and 2 have
only a radial displacement degree of freedom. Node 3, which is common to
all elements [see Fig. 5.34(b)], has two degrees of freedom, corresponding to
rotation and axial displacement. Each element in the representation is
connected by a roller to a rigid bar which, in turn, is attached to node 3.
The associated heat transfer calculations are performed using a finite-
difference procedure with a mesh point located at the center of each finite
element. Sixteen elements across the wall were used for the ratchetting
analysis reported here.¥

The inelastic analysis required cyclic stress-strain data over the 800
to 1100°F temperature range and creep data at 1100°F. These data were ob-
tained using uniaxial specimens from plate material of the same heat (9T2796)
of type 304 stainless steel as the pipe ratchetting specimen. To assure
that the data would be applicable, the material test specimens and the pipe
specimen were given identical pretest heat treatments, consisting of a full

anneal at 2000°F for 30 min followed by rapid cooling.

*¥Tt should be emphasized that the special finite element was employed
only to improve the efficiency of the calculations. Comparative analysis
have shown that a grid of 64 conventional triangles with constraints yields
essentially identical results to those obtained with the 16 special elements.



145

ORNL-DWG 72-14461A

3
S >

{1 2
(@) SCHEMATIC DIAGRAM OF SINGLE ELEMENT

—_———— -

/
J
1
[
i
|
g
e ————

{6) SIMULATION OF A PIPE WALL WITH BENDING
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ratchetting analysis.
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The cyclic stress-strain curves used in the analysis are shown in
Fig. 5.35. These curves, one for 800°F and one for 1100°F, are each for
ten cycles of loading between fixed strain limits of *0.3%. The latter
value corresponds approximately to the maximum elastic-plastic strains accu-
mulated in the ratchetting test specimen in the 13 test cycles. Both curves
were obtained at a strain rate of 0.005/min, which is of the same order as
the maximum strain rate in the ratchetting specimen during the transients.
Instead of the actual nonlinear stress-strain curves, the principal analysis,
which will, in the following, be referred to as the "reference analysis,"
utilized bilinear equivalent curves, which were constructed by the procedure
recommended in Ref. 21. The bilinear equivalents are depicted in Tig. 5.35
for each half cycle.

Unzaxial, constant-load creep curves have been obtained for heat
9T2796 at 1100°F for a variety of stress levels down to, and including,
7.5 ksi. Test times were generally to 5000 hr. On the basis of these data,
the following creep law was developed to define the creep response at

llOOOFBO:

b = Ao)[1 — e'r(g)t] + K(o)t ,
where
Alo) = 5.436 x 10-> o' 843 |
r(o) = 5.929 x 10=° exp (0.20290) ,
and

K(o) = 6.73 x 107° [sinh (0.14790)1%"° .
Here, tke creep strain Sc is in in./in., 0 is stress measured in ksi, and
t is time measured in hours.

The predictions of the creep law are compared to typical measured uni-
axial creep curves in Fig. 5.36. As can be seen, the above law, which was
based on all the data, generally underpredicts the measured response for
relatively short times. Consequently, a second law, of the same form, was

developed on the basis of data only to 1000 hr.3o

The predictions of this
law are also shown in Fig. 5.36. In addition to the reference analysis,
which used the creep law developed on the basis of all the data, an analysis

using the 1000 hr creep law was also performed.
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(heat 9T2796) at 800°F and 1100°F. Bilinear equivalent curves are depicted
for each half cycle.
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Other material properties were represented by fitting polynomials to
the data in Table 5.3. Poisson's ratio was taken as 0.30 at all temperatures.
The heat transfer coefficient during the thermal transients was taken to be

43.9 Btu/hr-in.2-°F.%

Table 5.3. Properties of type 304 stainless steel

Temperature (°F)

800 900 1000 1100

Modulus of elasticity 2h.1 23.3 22.5 21.7
(10° psi)

Instantaneous coefficient 10.90 11.09 11.28 11.47
of thermal expansion
(107% in./in./°F)

Thermal conductivity 0.9625 0.9917 1.0350 1.0750
(Btu/hr-in.-°F)

Specific heat 0.132 0.134 0.137 0.139
(Btu/1b-°F)

Density (1b/in.?) 0.284 0.283 0.282 0.281

In addition to the reference analysis, which adhered to the recommenda~
tions of Appendix A of RDT Standard F9-~lT21 and utilized belinear represen-
tations of the initial monotonic and tenth-cycle stress-strain curves,
seven additional analyses were performed to study the sensitivity of the
analysis predictions to variations in the material behavior representations.
Also, an analysis was performed without creep to illustrate the influence
of creep on ratchetting.

The eight ratchetting analyses that were performed are very briefly

summarized below. Each is identical to the reference analysis except as

noted.

*¥The sodium velocity through the annulus in the test piece was
3.1 ft/sec.
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1. Reference analysis using classical kinematic hardening and the bi-

linear representation of the initial monotonic curve at each temperature for
the initial plastic loading of each element and the bilinear representation
of the tenth-cycle curve at each temperature for the first reversed plastic
loading and all subsequent plastic loadings. The kK values for the initial
monotonic curves and the tenth-cycle curves are denoted by Ko(T) and k. (T),
respectively. The creep law used was based on all of the data.

2. Analysis based on the 1000 hr creep law.

3. Analysis neglecting creep.

L. Analysis with no cyclic hardening (ki/ko = 1).

5. Bilinear analysis in which K was taken as a function of accumulated
effective plastic strain (and temperature) and was changed for each element
at each plastic loading reversal. The K functions at 800 and 1100°F were
obtained by plotting the half-cycle values from Fig. 5.35 as functions of
accumulated plastic strain.

6. Bilinear analysis in which ¥ was varied according to the isotropic
hardening model until the value corresponding to the tenth-cycle was reached;
kinematic hardening was used thereafter.

7. DNonlinear analysis using the initial nonlinear monotonic curves for
the initial plastic loading of each element and the nonlinear tenth-cycle
curves for all subsequent plastic loadings.

8. Nonlinear analysis in which Kk was taken as a function of accumulated
effective plastic strain as in case 5 above. Here, the post-yield portion
of the nonlinear tenth-cycle curve was used to represent the elastic-
plastic response for all plastic loadings after the first, which was
represented by the initial monotonic curve.

It should be emphasized that each of the above methods of representing
elastic-plastic behavior is very approximate, even for the uniaxial case.
For example, the tenth-cycle curves used in the nonlinear analyses properly
describe the behavior only of specimens cycled exactly as those represented
in Fig. 5.35. To properly describe, analytically, the nonlinear response of
an arbitrarily cycled specimen requires that the entire past history be

accounted for., This has not yet been accomplished for general temperature
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and load changes,® and it is one of the reasons that the simpler bilinear
representations of the uniaxial curves are currently recommended for analyses.

5.6.3.2, Test results and comparisons with analytical predictions.

The idealized ramp transient shown in Fig. 5.29 is difficult to obtain in
practice, and is unnecessary since the analysis procedure can readily

accept any temperature-time response. The actual measured thermal transients
imposed on the pipe specimen in the first four downshocks are shown in

Fig. 5.37 along with the measured internal pressure response. The temperature-
time history is consistent from cycle to cycle and agrees well with the
expected transient predicted by design calculations. The transient used

in the analysis is also shown in Fig. 5.37 and agrees with the average of

the measured transients except that it was shifted upward to start exactly

at 1100°F at time zero.

Figure 5.38 shows the measured and predicted temperature distributions
through the wall of the specimen at various times after the initiation of
the transient. Data for the first four cycles are shown. The agreement
from cycle to cycle is good, and the measured response is in good agreement
with the predictions considering that the transient used in the analysis was
slightly displaced, timewise, from the measured transients (see Fig. 5.37).

Turning to the inelastic analysis results, the predicted circumferential
stress-strain paths at the outside and inside surfaces are shown in Fig.

5.39 for 50 cycles. These results are from the reference analysis. Note
that the lettered points shown for the first cycle correspond to the points
labeled in the histograms of Fig. 5.29.

The gross ratchetting behavior of the pipe specimen is shown in Fig.
S.MO, where the measured circumferential strain on the outer surface is
compared with the predictions of the reference analysis, which used the
creep law based on all the creep data, and again in Fig. 5.41, where the
predictions are based on the 1000-hr creep law (analysis no. 2). The experi-
mental data are from the two Boeing capacitive strain gages, which were

located 90° apart near the midlength of the specimen. Data points are shown

#¥See Section 2.1 in this report for a discussion of efforts and progress
in this area.



SODIUM TEMPERATURE
AT MIDPOINT OF SPECIMEN (°F)

FIRST TTTF TEST (SPECIMEN 3B) ORNL-DWG 73-T7133R
1250 r T LERER 4 800

| ] |
I M 1
SN\ o R N ?L L___F;_.—'!p_w_‘_—-_—'l :%—f_ '_f__- So= e
e -+ — | i 640

‘ﬂ—%—“wF—nF*\Fjr—‘— =
—— FIRST TRANSIENT \ ﬁL o
1050  ——— SECOND TRANSIENT , — ‘ 480%
 -—--- THIRD TRANSIENT \ 77777 | 3
—-— FOURTH TRANSIENT T
950 % SODIUM TEMPERATURE L 3502
RANGE IN MIDDLE 20in. \ \ \ =
OF SPECIMEN LENGTH B L
T T z
TRANSIENT USED ,
850 ffﬁ 160
£ IN ANALYSES | | ‘ |
154 ! | s
/"' { ! \ ! ==
750 [V BT ‘ O
16 20 24 36 50
TIME (sec)

Fig. 5.37. Measured sodium temperature and pressure vs time from
initiation of transient for first four transients. The temperature response
curves shown were measured in the annulus at the midpoint of the test
piece while the limits of the shaded band were determined by sodium thermo-
couples leocated in the annulus 10 in. upstream and downstream from the mid-
point.

asT



153

ORNL— DWG 73- 7432
FIRST TTTF TEST (SPECIMEN 3B)

[
1400 & O sec 0 sec
8 4 sec ?
X
®
1050
4 sec
: 8
s 12 sec
8\
1000 |- \\
w
R 2
3|5
olx
o 50 * i6 sec 8 E
. 9 o= - S
w 1 Z
o
E \
% 8 sec
< \ 4
L
F 900 g
20 sec "
e
v
(Y
o
N % J
850 : , \& l\
\ v
2
[ ]
¢ \ 12 sec
32 v
. sec ! 1 5 : 5
‘ T e — .
[ ] \? - o]
800 | — PREDICTED - ﬁ?ﬁ o 3@ sec
o FIRST TRANSIENT 4 v
a SECOND TRANSIENT ‘ \ .
v THIRD TRANSIENT
o FOURTH TRANSIENT i sec
NOTE : DATA POINTS ARE SHOWN ALTERNATELY X! 20 sec
CLOSED AND OPEN WITH INCREASING TIME 8¢
750 ‘ . ‘
0.375 0.3 0.2 O.1 0
OUTSIDE INSIDE
SURFACE SURFACE

DISTANCE FROM INSIDE SURFACE (in.)

Fig. 5.38. Measured and predicted temperatures through the specimen
wall at various times during the transient.



154

ORNL-DWG 73-7433

2 T STRAIN AT | ! ’ T [ I i
AN . INCREMENTAL |
TFiRST CYeLE STRAIN PER CYCLE | ,;
T e e R
%g' ol | @ IDDO--- | \ 69
L o
o {0 N S
o
& % ,
~ a
” c |
L 5 a
x / !
S / /// / |
-
2 o
= | B
E /////( 7] //
o
W
w i
2 5l - —
O
2 [
! | , i
T - —T—T
| | I
(#) OUTER ELEMENT i ‘
O i i VN FUUS (R NS BN N

0 0.05 0.0 045 0.20 0.25 030 035 040 045
CIRCUMFERENTIAL STRAIN (%)

35 S G p— —_ e
T STRAIN AT END i
, OF FIRST CYCLE
30 rm e e . e
0] L © @@@---
PR S — ———— ﬁ_-_/hﬂ
|

% B O R T / ]

SEmEER A
aeaa il
CEmE -

CIRCUMFERENTIAL STRESS (1000 psi)
=

w1
4%

~20 d +
{6) INNER ELEMENT L
! I

L

o] ot 0.2 0.3 0.4 0.5 0.6 0.7
CIRCUMFERENTIAL STRAIN (%)

Fig. 5.39. Predicted circumferential stress-strain paths at the out-
side and inside surfaces for 50 cycles. The results shown are based on the
reference analysis, and the lettered points correspond to the points
labeled in the histograms of Fig. 5.29.



155

ORNL-DWG 73-7152A
5 FIRST TTTF TEST (SPECIMEN 3B)

—— PREDICTED
L EXPERIMENTAL :
o CAPACITIVE GAGE 513 s vt
* CAPACITIVE GAGE 514} RATCHETTING DATA J:.» Sl
0.30 L © CAPACITIVE GAGE 513 .o a
AUV oace o 4} PRESSURIZATION DATA I gy (
| peoet e A |
(X} .AP“OO
0.25 — e
pewr®
ol
33 p,;mOO /‘
e o
= W 1
020
x o
[7p]
-
= J
'—
= o
Y -
o /”’
3
Q
g
o] v,
®
W 010 et o
‘7) »
'—
=2
(@]
0.05
0
-005
0 320 640 960 1280 1600 1920

ACCUMULATED HOLD TIME AT 140C°F (hr)

Fig. 5.40. Comparison of measured and predicted circumferential
ratchetting strains for 13 test cycles. Predictions are from the reference
analysis which was based on the creep law developed using all the data
(see Fig. 5.36).



a5 FIRST TTTF TEST (SPECIMEN 3B)

156

ORNL-DWG 73-7430A

— PREDICTED |
EXPERIMENTAL : %
[ o CAPACITIVE GAGE 513 Gl
* CAPACITIVE GAGE 514} RATCHETTING DATA -~ Sl
0.30 — © CAPACITIVE GAGE 513 . o
[ 5 R
» CAPACITIVE GAGE 514} PRESSURIZATION DATA e 980 0P
L T
o
) ﬂr"r'
...‘JP. o
0.25 . ‘%O/ :
T
rel
R 3
e ,
g 0.20 ¢
18
o )
-
<
|_
= oo
o
& 045
W
[T
s
o
O
x
o e
& 0.10 jofoo o= e
w
-
2
(@]
4
0.05
0
-0.05
0 320 640 960 1280 1600 1920

ACCUMULATED HOLD TIME AT #100°F (hr}

Fig. 5.41. Comparison of measured circumferential ratchetting
with predictions based on the 1000 hr creep law (see Fig. 5.36).

strains



157

for the initial pressurization and for a depressurization at the end of ten
cyclés.* Data corresponding to the minimum strain during each transient
[see Fig. 5.39(a)] are also shown.

The net strains from the two capacitive gages agree reasonably well,
although gage 513 seems to indicate more plastic (time-independent) strain
and less creep (time-dependent) strain than gage 514. These differences are
thought to be real. A possible explanation is the significant variation
in properties that have been found around the circumference of the 8-in.
pipe product form from which the ratchetting specimen was obtained.

The overall agreement between theory and experiment is good in both
Figs. 5.40 and 5.41. As would be expected, the predictions shown in Fig.
5.40 underpredict the incremental deformations in the first few cycles while
those shown in Fig. 5.41 agree well with the measured response for the first
few cycles, but then begin to disagree for longer accumulated hold times.
This behavior simply reflects the agreement between the creep laws and the
actual uniaxial creep curves that were shown in Fig. 5.36, and it illustrates
the significant role played by creep in the ratchetting process.

During the thermal downshocks the temperature differences between the
specimen surface and the rods connecting the two ends of the capacitive
gages increased very rapidly to about 150°F after approximately 20 sec.
During these periods of rapidly changing temperatures, the distributions were
not uniform along the gage rods, and consequently the thermal strain com-
pensation to be applied to the gage readings could not be as precisely deter-
mined as during periods of near-isothermal conditions.

Despite this source of possible error, the detailed response measured
during the transients is believed to be reasonably representative and is
typified by the results shown in Fig. 5.42 for the first and fourth thermal
transients. The measured and predicted (reference analysis) circumferential
strains on the outer surface are shown in Fig. 5.42 as a function of time

for the thermal downshock from 1100°F to 800°F, the depressurization at

¥As explained previously, the test was interrupted for several days
at the end of ten cycles by depressurizing the specimen and cooling it
to room temperature. Testing was resumed by reheating to 1100°F, pres-
surizing, and proceeding with the next downshock.
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800°F, and the subsequent reheating from 800°F to 1100°F. Qualitatively,
the agreement between theory and experiment is reasonably good in Fig.
5.42. The analysis does appear to somewhat overestimate the increment of
strain occurring during the downshock and underestimate the increment that
occurs during the subsequent reheat.

The agreement between the measured ratchetting behavior and the inelastic
analysis predictions is very encouraging. The results provide corroborative
evidence in support of the interim constitutive equations recommended for
use in design analyses of LMFBR components,21 and they illustrate that de-
tailed inelastic analyses based on current state-of-the-art procedures can
give realistic predictions for use in design evaluations.

The final figure, Fig. 5.43, shows the predicted circumferential and
axial strains accumulated on the outer surface of the pipe. Results from the
reference analysis and from the other seven analyses described in the pre-
vious subsection are shown. In addition, cases 9 and 10 represent the
predicted creep response over the same time period in the absence of thermal
shocks based on the creep law that represented all the data and on the
1000 hr creep law, respectively. The band in Fig. 5.43 represents the
meagsured response.

Two significant points can be made by comparing the predictions shown
in Fig. 5.Lk3. First, the pure creep cases (9 and 10) emphasize the signifi-
cance of the progressive ratchetting caused by the thermal shocks. Second,
thé predictions are fairly sensitive to the various material behavior
representations, or constitutive equation assumptions, used in the different
analyses. The reference analysis gave the best overall results, although
the nonlinear analyses with K as a function of accumulated plastic strain

also did well for relatively large cycle numbers.
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6. DESIGN CRITERIA

G. T. Yahr

6.1, Studies of Shakedown and Ratchetting of Structures

G. T. Yahr W. K. Sartory
T. W. Pickel J. M. Corum

6.1.1. Comparison of Bree and O'Donnell methods for limiting
ratchetting with cases run on PLACRE

Simplified ratchetting rules which are based on the Bree complete re-
laxation equations31 were provided by ORNL for inclusion in a revision of
RDT Standard F9-1T. Simplified ratchetting rules have been proposed for
ineclusion in the ASME Boiler and Pressure Vessel Code Case 1331 that are
based on a method developed by O'Donnell and Porowski.32

Tables 6.1 and 6.2 list 51 cases that were analyzed earlier using the
finite-element program PLACRE for thin-walled cylinders subjected te cyclic
secondary stresses under elastic-plastic and creep conditions. The analyses33
in Table 6.1 were originally conducted to determine whether Bree's com-
plete relaxation equations could be used as an adequate criteria for limit-
ing elastically calculated stresses so as to provide protection against
ratchetting. The cases3u in Table 6.2 are from a parameter study for the

35 being conducted at ORNL. In general, only

pipe thermal ratchetting tests
a few cycles were analyzed using PLACRE since the Bree complete relaxation
method predicts the same amount of ratchet strain for each cycle. (The
method based on the Bree equations becomes increasingly conservative as the
number of cycles increases. In fact, this may be the principal weakness in
this method since it may become extremely conservative when there are many
cycles, as can be illustrated by case number 9TB.) 0'Donnell's method for
limiting plastic and creep ratchetting have now been applied to these 51
cases. The average inelastic strains predicted by the three methods (PLACRE,
ORNL~Bree, and O'Donnell) are compared in Tables 6.1 and 6.2.

Most of the cases in Table 6.1 were run with a sustained axial load and

a cyclic angular edge rotation. In the method based on the Bree complete

relaxation equation, the maximum equivalent linear secondary thermal stress



Table 6.1. Comparisons of O'Donnell's and Bree's ratchet strain estimates with results from ORNL PLACRE study

Bree 0'Donnell . Total Average inelastic strain
a b Maximum
frase L *R % "=p /s y"=0/S o =P /5 o =5 /g  Comperature No'lof time  PLACREC ORNL-B ‘Donne114 Comments
o (ksi) (ksi) (xsi) x"' = - y = QR - op =P y 0t =5 v (°F) cycles time -Bree (O'Donne
(hr) (%) (%) (%)
1 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 0 0.016 0.090 0.05 Mechanical § stress
N 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 2,500 0.075 0.200 0.36 " " "
ba 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 15 7,500  0.137 0.430 0.42 " " "
g 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 60 30,000 ©0.224 1.311 0.64 " " "
15 6.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 5,000 0.101 0.230 0.41 " oo
16 8.6 17.0 17.0 0.65 1.29 0.59 1.7 1100 5 10,000 0.130 0.270 0.48 " oo
17 8.6 17.0 17.0 0.65 1.29 0.59 1.17 1100 5 100,000 0.277 0.390 1.08 " " "
11 11.5 5.1 5.1 0.87 0.39 0.79 0.35 1100 5 2,500  0.099 0.361 0.39 " " "
28 3.8  37.2 37.2 0.29 2.82 0.26 2.55 1100 5 2,500  0.045 0.182 0.21 " " "
29 3.8 50.0 50.0 0.29 3.79 0.26 3.k42 1100 5 2,500  0.083 0.296 0.h2 " " "
30 5.1 29.5  29.5 0.39 2.23 0.35 2.02 1100 5 2,500  0.05h4 0.172 0.25 " " "
31 5.1 50.0 50.0 0.39 3.79 0.35 3.h2 1100 5 2,500  0.162 0.506 " " "
72 2.6 26.4 26.4 0.20 2.00 0.18 1.81 1100 5 2,500  0.010 0.07k 0.02 " " "
73 2.6 264  26.4 0.20 2,00 0.18 1.81 1100 5 25,000 0.013 0.074 0.02 " " "
T4 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 2,500  0.020 0.127 0.07 " " "
75 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 25,000 0.032 0.127 0.10 " " "
76 2.6 51.5 51.5 0.20 3.90 0.18 3.53 1100 5 2,500  0.035 0.186 0.18 " " "
77 2.6 51.5 51.5 0.20 3.90 0.18 3.53 1100 5 25,000 0.061 0.186 0.32 " " "
80 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 2,500  0.032 0.127 0.07 " " "
81 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 5 25,000  0.0L46 0.127 0.10 " " "
88 7.5 26.1 32.0 0.57 1.98 0.51 2.20 1100 5 2,500  0.240 0.293 Thermal Q stress
89 7.5 26.1 32.0 0.57 1.98 0.51 2.20 1100 5 5,000 0.2L0 0.333 " " "
90 7.5 21.1 26.9 0.57 1.60 0.51 1.85 1100 5 2,500 0.172 0.193 0.61 " " "
91 7.5 21.1 26.9 0.57 1.60 0.51 1.85 1100 5 5,000 0.170 0.238 0.70 Bree rules do not
92 7.5 15.1 18.9 0.57 1.15 0.51 1.30 1100 5 2,500  0.137 0.133 0.25 apply because
93 7.5 15.1 18,9 0.57 1.15 0.51 1.30 1100 5 5,000 0.139 0.183 0.30 creep occurs at
9k . 3.9 7.8 6.5 0.31 0.6k4 0.28 0.48 1250 5 120 0.019 0.010 0.00 both ends of cycle
97 2.6 38,3 38.3 0.20 2,90 0.18 2.62 1100 5 500 0.018 0.127 0.03 Mechanical Q stress
9TA 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 25 2,500 0.020 0.575 0.07 " " "
97B 2.6 38.3 38.3 0.20 2.90 0.18 2.62 1100 250 25,000 0.032 5.615 0.10 " " t

QR is the maximur equivalent linear secondary thermal stress as defined in the Code.
b . X . .
St is the maximum elastically calculated secondary stress. For mechanical Q, St = QR‘

®The PLACRE strain values are the circumferential or axial inelastic strains on the inside surface and are slightly larger than the average.

dWhere no value is given, the stress point is in region R; or Rw and the O'Donnell method doesn't apply.

29T



Teble £.2. Comparisens of 0'Donneil's and Bree's ratchet strain estimates with result
PLACRE parameter study for pipe thermal ratchetting tests?

n

Bree C'Donnell . Total Average inelastic strain

N b e HMaxinum .

base F QR St "= p /s no_ /s ' =P /s ' -5 /s temperature NQ'lOf S%eep P CREd P . .e Commentsj

Ho. (ksi) (ksi) (ksi) x' =P /8 ¥y = QR n Gp = P/s, Ot =5, Dy (°F) cycles (;ij u?%) pRh%%§ree 0 D?S?QLL

1 7.5  34.6  LL.8 0.57 2.62 0.51 3.07 1100 10 5,000  0.324 0.966 Reference case,
T = 30°F/sec

3 7.5 34,6 LL.8 0.57 2.62 0.51 3.07 1100 10 5,000  0.375 0.966 K1/Ke = 1 in PLACRE

i 7.5 34,6 LL.8 0.57 2.62 0.51 3.07 1100 1 5,000  0.398 0.966 No pressure removal
at 800°F

5 7.5 3k.6  LL.8 0.57 2.62 0.51 3.07 1100 10 1,000 0.288 0.916

6 7.5 346 44,8 0.57 2.62 0.51 3.07 110C 10 0 0.148 0.866 .

7 7.5  29.0 36.5 0.57 2.19 0.51 2.51 1100 10 5,000 0.239 0.665 T = 20°F/sec

8 7.5 18.1 22.1 0.57 1.37 0.51 1.52 1100 8 L,000 0.122 0.220 0.39 T = 10°F/sec

9 7.5 18.1 22.1 0.57 1.37 0.51 1.52 1100 8 L,000 0.153 0.220 0.39 Same as 8 but with
Ki1/Kg = 1

10 S.h 0 3h.h 0 hhT 0.4 2.60 0.37 3.06 1100 10 5,000 0.163 0.Lk62 .

11 7.5  33.7 43.3 0.57 2.56 0.51 2.97 1100 5 2,500 0.271 0.500 T = 27.8°F/sec

12 7.5 32.5 51.5 0.57 2.L6 0.51 2.85 1100 5 2,500  0.255 0.465 T = 25.4°F/sec

13 7.5  30.9 39.3 0.57 2.34 0.51 2.69 1100 5 2,500  0.233 0.L2ok T = 22.75°F/sec

1k 7.5 28.7 36.1 0.57 2.17 0.51 2.48 1100 5 2,500  0.22k4 0.366 T = 19.6°F/sec

15 7.5  25.5  31.7 0.57 1.93 0.51 2.18 1100 5 2,500  0.179 0.287 T = 16.0°F/sec

16 7.5  19.8  24.3 0.57 1.50 0.51 1.67 1100 5 2,500  0.132 0.189 0.45 T = 11.25%/sec

17 6.4 33.7 Lk.b 0.49 2.56 0.44 3.0k 1100 5 2,500  0.197 0.360 T = 27.8°F/sec

18 5.4 32,5 L43.6 0.41 2.46 0.37 2.99 1100 5 2,500  0.129 0.205 T = 25.4°F/sec

19 4.3 30.9 2.5 0.33 2.3k 0.29 2.91 1100 5 2,500  0.082 0.155 0.Ls T = 22.75°F/sec

20 3.2 28.7 Lo.b 0.24 2.17 0.22 2.77 1100 5 2,500  0.045 0.100 0.15 T = 19.6°F/sec

21 2.2 25.5 37.0 0.16 1.93 0.15 2.54 1100 5 2,500  0.025 0.055 0.03 T = 16.0°F/sec

22 1.1 19.8  30.7 0.08 1.50 0.07 2.11 1100 5 2,500  0.009 0.017 0.01 T = 11.25°F/sec

In all cases, the normal temperature was 1100°F, and a ramp downshock to 800°F was applied at the beginning of each cycle. At 800°F in each cycle
the pressure was removed, reapplied, and the pipe was heated tc 1100°F at 50°F/hr. The 1100°F was then maintained until the beginning of the next cycle.

QR is the maximum equivalent linear secondary thermal stress as defined in the Code.

cSt is the maximum elastically calculated thermal stress.

Q.

The PLACRE strain values are the circumferential or axial inelastic strain on the inside surface and are slightly larger than the average.
eWhere no value is given, the stress point is in region R; or R, and the O'Donnell method doesn't apply.

fEach case is identical with Case 1 except as shown in tabulations or comments.

£9T
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QR as defined in Section III of the ASME Boiler and Pressure Vessel Code is
used. O'Donnell suggested that the maximum elastically calculated secondary
stress St should be used. In most cases the maximum elastically calculated
secondary stress is larger than QR. Again, most of the cases in Table 6.1
were run with a sustained axial load and a cyclic angular edge rotation

and in these cases QR equals St'

The normalizing factor for the Bree and O'Donnell methods is different.
The value of Sm given in Code Case 1331-7 is used as the normalizing factor
in the Bree method. The minimum yield strength value, Sy’ from the code case
is used in the O'Donnell method. The Sm values are approximately 90% of
the S wvalues.

%he most important conclusions made from an examination of Tables 6.1
and 6.2 are as follows:

1. Both the Bree and the O'Donnell methods are conservative relative
to PLACRE in every case except for case No. 9L which falls outside the
range of applicability of the rules because creep occurs throughout the
cycle.

2. In some cases the Bree method is more conservative and in others
the O'Donnell method is more conservative., The Bree method becomes
especially conservative when there is a large number of cycles.

3. The Bree method provides for operation in the regions of mechanical
ratchetting, R1 and Rz. The O'Donnell method will not allow operation in
those regions.

In conclusion it is noted that these cases were designed to test the
Bree method rather than the O'Donnell method. Some attention should be

given to designing cases that would most severely test the O'Donnell method.

6.1.2. Comparisons of simplified rules of ratchetting with
experimental results from LMEC (Anderson) beams

A number of creep ratchetting tests36 were conducted on 304 stainless
steel beams at a constant temperature of 1200°F. The beams were subjected
to a constant axial load and were repeatedly bent back and forth around
cylinders of 80 in., 40 in., or 20 in. diameters. Although the conditions
of these tests are outside the range of applicability of the simplified

ratchetting rules based on Bree's complete relaxation equations, since creep
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can occur throughout the cycle, comparisons were made because of the scarcity
of ratchetting data to test the simplified rules.

Experimental data from the tests discussed in Ref. 36 are compared with
predictions of simplified methods of analysis in Figs. 6.1 through 6.6. The
experimental results are indicated by the test number. The predictions are

31

based on the Bree complete relaxation equations™ and on a method recently
developed by O'Donnell and Porowski.32 Two sets of predictions were made
using the Bree complete relaxation equations; one was based on the measured
properties for the material used in the tests37 which are labeled "Bree,"
and the other was based on the material properties in Code Case 1331-8 in
the manner prescribed in the simplified ratchetting rules recommended by
ORNL which are labeled '"ORNL." Only one set of predictions was made using
0'Donnell's rules and they were based on the measured properties of the
material. In every case except for test No. 21 the Bree method gave a
conservative value of cumulative strain for the first seven cycles. The
sixth cycle ratchet strain for test No. 21 was abnormally high. It was
1.69 times the second cycle ratchet strain, whereas in all other tests the
sixth cycle ratchet strain was less than 0.6 times the second cycle ratchet
strain. Therefore the experimental data for test No. 21 are questionable.
Note that Bree was conservative at the end of five cycles for this specimen.
Generally, Bree becomes more conservative as the number of cycles increases.

The O'Donnell predictions are too large to be plotted on the graphs for
all the cases where there was some hold time. The first cycle predictions
are shown by breaking the scale, but the predictions for subsequent cycles
still fall off the graphs. For zero hold time cases the O'Donnell method pre-
dicts no ratchetting since the method is based on creep. This 1is of no
practical consequence, since any real cycle takes some time to occur.

It is concluded from these figures that the Bree complete relaxation
equations are conservative for these tests, even though the test conditions

were outside the range of applicability of the equations.
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6.2. Examination of K Factor Used in Code Case 1331
and Recommended Modifications

J. M. Corum

In ASME Boiler and Pressure Vessel Code Case 1331-8, a K factor¥® is
used in the basic stress limits on primary membrane-plus-bending stress
intensities and in the ratchetting rules. In the primary stress limits K
is used to increase the allowable stress St in recognition of the fact
that creep will reduce the actual maximum bending stress below the elastically
calculated value. In the ratchetting rules, Pb from an elastic calculation
is recuced by K to more realistically reflect the true maximum primary
stress, which is a measure of the "driving force' for ratchetting.

To better understand the role of the K factor and the values which
should be used, a number of elastic-creep and elastic-plastic-creep beam
bending analyses were performed at Westinghouse-ARD by A. L. Snow and at
ORNL, and the resulting inelastic stress distributions and maximum stresses
were examined relative to the K factor. On the basis of these results it
was concluded that the K factor currently used in the code case is a reason-
able interim value for rectangular sections. However, the nomenclature
in the code case should be changed to distinguish the factor used there
from the more traditional K section factor as used in the 1972 Section III
Winter Addenda. Also, the factor used in the code case should be dependent
on the actual cross section being considered.

The results of the analyses performed at ORNL are represented in Figs.
6.7 through 6.12. Figures 6.7 and 6.8 show the steady-state creep stress
distributions in a solid rectangular beam and in a tubular beam of circular
cross section, respectively, for various values of n in the assumed steady-
state creep law éc = Ac. Although calculated for a specific bending moment

and beam dimensions, these distributions are essentially independent of the

¥The implied definition of K as used in the code case is the ratioc of
the elastically calculated maximum bending stress to the actual maximum bend-~
ing stress. In the 1972 Section III Winter Addenda, K denotes the more
traditional shape factor or section factor based on an elastic-ideally
plastic material response.
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These calculations include

initial elastic-plastic behavior based on the average stress—-strain law
The maximum elastically calculated stress is 1.55

given in Ref. 31.

T1100°F

and the creep behavior is based on the one-exponential creep law given in

Ref. 32.
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These calculations include

initial elastic-plastic behavior based on the average stress-strain law

given in Ref. 31.

The maximum elastically calculated stress is 1.58

™11 00°F

and the creep behavior is based on the one-exponential creep law given in

Ref. 32,

3
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stress levels and dimensions.¥* For the rectangular section, K varies from
about 1.28 to 1.38 for n between 3 and 6, the usual range for the materials
of interest at low stresses. Note that K = 1.5 for n = ® or for an elastic-
ideally plastic response (this is the traditional section factor for a
rectangular section).

Snow utilized the steady-state creep portion of the latest Blackburn
creep equations (two-exponential) to examine types 304 and 316 stainless
steel beams in the 900 to 1200°F temperature range. For elastically cal-
culated stresses ranging from 5,000 to 15,000 psi he found that the ratios
of the maximum steady-state stress to the elastic stress varied from 0.70
to 0.74, giving a K value ranging from 1.35 to 1..43.

These results show that the value of 1.25 used in the code case is
reasonable and conservative for steady-state stress distributions in rec-
tangular cross sections. On the same basis, however, Fig. 6.8 indicates
that 1.25 is high for a thin circular tube. A comparable value to the 1.25
would be about 1.15 for the circular section.

In reality the creep response will consist of both primary and secondary
creep. Also the "instantaneous'" bending behavior can be elastic-plastic.
Figures 6.9 and 6.10 show the stress distributions for a particular rec-
tangular beam of type 304 stainless steel at 900 and 1100°F for various
times. These calculations are based on Blackburn's one-exponential creep
law and a bending moment producing a maximum elastic stress of l.SSm at
1100°F. These figures simply indicate that the appropriate K value is time
and temperature dependent (as well as stress and material dependent). The
code case value of 1.25 is still conservative for long times.

Figures 6.11 and 6.12 show results in which initial elastic-plastic
response is included. These results, at 900 and 1100°F, are realistic for
the conditions considered. The effect of the elastic-plastic behavior is

to increase K and to move the 1.25 value toward conservatism.

¥Actually the distributions for the tubular section are independent of
dimensions only as the thickness approaches zero.
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7. CORE STRUCTURES DESIGN CRITERIA AND DATA

W. J. McAfee
T. W. Pickel
W. K. Sartory

In connection with the compilation of design criteria for core struc-~
tural components, the documentation of the general effects of irradiation
on the high temperature mechanical properties of core structures materials
is continuing. The representation of uniform and total elongation of type
304 stainless steel has been improved slightly by modification of the func-

tional form and by obtaining fits on a logarithmic basis. That is

Ro™
)

Ln(Elong.) = Ln (A; + Ajse (7.1)

where Ay, Az, and B have been discussed previously38 and n is a constant
exponent of the fluence. By analyzing the function on a logarithmic basis,
no weighting factor generally need be applied. Also, a more uniform in-
terpretation of the limits on the fit can be obtained. One disadvantage
of treating the data in this manner is that the result is somewhat more
sensitive to round-off error both in the fit and in using the derived
constants to independently calculate elongation values. The improved con-
stants are listed in Table T7.1.

The reduction in area of irradiated and unirradiated type 304 stainless
steel has also been fitted. The same approach was used as for the elonga-
tion data. However, since the available data do not indicate that a satura-
ticn value of RA has been reached with increasing fluence, no lower asymptote
of the functional form was reguired. Thus, the function chosen was

I
RA = AeB<I> (7.2)

where
A= ag + a;T + a2T2 + a3T3
3 =bg + byT + b,yT?
T = Temperature {°F)/100
¢ = fluence/(10%?), (E > 0.1 MeV)

and n = constant



Table T7.1.

Data of types 304 and 316 stainless steel

Constants for equations fitted to elongation and reduction in ares

Type 304 stainless Type 316 stainless
Constant Uniform Total Reduetion Uniform
elongation elongation in area elongation
(%) (%) (%) (%)
A, 0.50315 2.46L7 0 1.5076
ag —30.256 ~9.0829 —113.443 —265.66
a1 21.854 18.93 59.0k1 92.076
az —2.2187 ~2.1777 —5.9812 —8.6473
a3 .06315 .07554 0.18135 0.2L766
bo —23.019 —30.718 0.20423 55.891
b, 5.8113 8.2087 —. 07879 —16.7309
b, —0.52067 0.75779 8.519 x 107* 1.5815
bs . 0158 .02321 0 —. 04839
n 0.71006 0.75234 0.65477 1.0
Std. dev. of fit EXp (.3607) EXP (.2736) 9.55 EXP (.4736)

8T
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A comparison of experimental data and fitted results is shown in Fig.
7.1. Experimental reduction in area data generally show more scatter than
any other tensile property and this scatter is reflected in the degree 1o
which the data have been fitted.

Data for type 316 stainless steel are also being considered. As with
type 304 stainless steel, first consideration is being given to ductility
(uniform and total elongation and reduction in area). Only uniform elonga~
tion data have been considered to date. The best fit of the available data
has been obtained by using a similar function as was used for the analysis

of the type 304 stainless steel elongation data, i.e.,

Ln(Elong.) = Ln(A; + Aze ) , (7.3)
where
Ay = a constant
A,, B = cubic polynomials in T
T = temperature (°F)/100
and ¢ = fluence/(102?), n/em® (E > 0.1 MeV).

The use of a power on fluence, ®, did not improve the fit for the type 316
data. The values of the derived constants are listed in Table 7.1. A
comparison of experimental data and fitted values is shown in Fig. T7.2.
The above data correlations are being used in several ways in support
of criteria compilation efforts. Generally, these correlations are used to
extrapolate or interpolate to temperatures and/or fluences where data do
not exist in sufficient quantity to allow statistical treatment., The elonga-
tion data are being studied in conjunction with creep-rupture data (both
irradiation and unirraidated) as a basis for setting preliminary strain
limits for core structures. These strain limits will apply to ductility
limited strain, i.e., strain components that contribute to material failure.
Pregently, irradiation induced creep and volumetric swelling are not considered
to be ductility limited. Reduction in area data are being used in studies
of fatigue adjustment factors for irradiated material. This was discussed
briefly in the last progress report38 and is based on work by Brinkman et al.39
The compliation of recommended criteria is progressing, and the design
rules are essentially complete. Included in the rules are preliminesry guide-
lines to assess the potential for brittle fracture associated with embrittle-

ment caused by irradiation. Presently, the main emphasis is on assessing
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Fig. T.1l. Comparison of experimental and fitted values of reduction in
area for annealed and irradiated type 30L stainless steel.
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proposed design limits and on developing new or additional limits where

guidance is incomplete.
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