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ABSTRACT

This is the second of a series of quarterly progress report summa-
rizing accomplishments in the ORNL program to develop high-temperature
structural design methods for IMFBR vessels, components, and core struc-
tures., The first quarterly report covered the period from August through
December 1971, while this report covers the period of January through
March 31, 1972, The program has as its goal the development of a veri-
fied high-temperature design technology applicable to the long-term oper-
ating conditions expected for IMFBR systems, Although the ultimate objec-
tive is to develop verified methods and criteria for reliably designing
for high temperatures and long life, near-term efforts are largely con-
centrated on establishing and validating methods and criteria to be used,
on an interim basis, for FFTF and which are based on-the current,  largely
unverified, state-of-the-art. The overall program is divided into a num-
ber of tasks which are being carried out with the participation and coop-
eration of industrial groups, universities, and design code bodies. Prog-

ress on these tasks is described herein,

SUMMARY AND STATUS

J. M. Corum

Management and coordination activities continue to represent a sig-
nificant part of the overall High-Temperature Structural Design Methods
Program, During this report period ORNL staff members participated, along
with RDT, HEDL, and WARD personnel, in an audit of inelastic stress anal-
ysis activities at selected FFIF component vendors. The vendors visited
were Foster Wheeler (IHX), Westinghouse EMD (pump), Combustion Engineering
(vessel), Westinghouse ARD (core structures), and Bechtel (piping). The
purpose of the audit activity was to assess the general capabilities,
experience, and problems associated with inelastic analysis efforts so
that a definite plan of action could be formulated for expediting inelas-

tic structural analyses throughout the FFIF project. A particular goal
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was a unified plan for computer program verification. Significant ad-
vances have been made in high-temperature design tgchnology development,
and we believe that the audit meetings have indicated that the technology
can be applied on a rational, consistent basis throughout the FFIF project.
Deficiencies exist and are recognized, but bases for overcoming them will
not, in the main, become available in the near future, Rather, the defi-
ciencies must be minimized by using inelastic analysis tools coupled with
engineering judgement in a manner commensurate with the present state-of-
the-art. On these bases, ORNL has recommended that steps be taken to

carry out the necessary inelastic analyses of FFTF components with mini-
mum delay. To this end we have also recommended specific actions to be
taken. As one such action we are arranging a working group meeting be-
tween those FFTF designers currently performing inelastic analyses and
computer program developers, This meeting will be held April 17, 1972, at
ORNL.. Depending 6n the outcome of this initial working meeting, additional
meetihgs with wider participation may be held. Also, we have arranged
with J. A, Swanson (ANSYS), P. V. Marcal (MARC), Y. R. Rashid (CREEP-PLAST),
and Z. Zudans (EPACA} to have the inelastic analysis requirements of RDT
standard F9-1T (reported in the previous quarterly report) put into theilr
respective computer programs for use on the FFIF project. Finally, as an
aid to computer program validation, we are providing the results of our
high~-temperature elastic-plastic-creep beam tests for inclusion in a com-
pilation of benchmark problems aimed at the validation of analytical options
contained in the computer programs used for inelastic structural analyses
on the FFTF project. The catalog is being assembled by WARD, and they are
performing analyses using the ANSYS and MARC programs. ORNL will perform
similar validation analyses using CREEP-PLAST and EPACA, We are contri-
buting to a similar benchmark problem compilation being undertaken by the
ASME Subcommittee on Computer Program Verification and Validation,

We are working closely with WARD to develop a mutually acceptable plan
for work to be performed under their program entitled Validation of High-
Temperature Design Methods and Criteria (189a 08619). This effort is to
supplement the ORNL High-Temperature Structural Design Methods Program by
providing additional experimental data for validating high-temperature

design methods. Two meetings between ORNL and WARD personnel were held
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during this reporting period,  On January 11, essential agreement was
reached on the work plan, and on March 10 the progress was reviewed, The
near-term Westinghouse effort consists of (1) basic specimen tests to
determine strain limits under biaxial conditions in base metal and weld-
ments, (2) tests of tubular tYpe specimens under multiaxial creep condi-
tions, (3) tests of complex structural configurations, (U4) analytical
work, using CREEP-PLAST and EPACA primarily, for comparison with test re-
sults, and finally (5) preparation of a design methods and criteria docu-
ment for core structures, This latter document will be used by ORNL, to-
gether with similar information from Atomics International and General
Electric, to compile an industry-recommended design criteria for core
structures. We are assisting the WARD validation program in meeting its
needs for type 304 stainless steel reference heat material from the avail-
able stockpile, Also, we are procuring piping components (straight pipe,
tees, elbows, and reducers) to be tested by WARD, and we are coordinating
their needs for type 316 stainless steel reference heat material with the
recently initiated procurement activity.

We have prepared and submitted to RDT a letter containing recommen-
dations for additional high-temperature experimental work in support of
the high-temperature structural design methods program. Most of the recom-
mended test work will eventually be carried out by ORNL, WARD, and ORNL
subcontractors. There is an urgent need, however, for as much data as
possible on a near-term bhasis,

As another coordination effort, we have assisted in planning mate-
rials properties tests to be carried out under the ORNL program entitled
Mechanical Properties of Structural Materials (189a 10567)@ This program
is to obtain data previously identified (and discussed in the previous
guarterly progress report) as needed in support of interim structural de-
sign criteria and design technology. Some applicable data are also being
obtained at other installations, and these will be factored into the over-
2ll program.

A revised and updated draft version of USAEC report ORNL-~-TM=3602,
"Currently Recommended Constitubive Equations for Inelastic Design Analy-
sis of FFTIF Components,” has been completed and will be distributed during

the coming quarter to the recipients of this progress report. That



viii

document contains the basis and background material for the inelastic
analysis recommendations in RDT standard F9-1T.

The IMFBR Program Office has recently assigned ORNL the responsibility
for updating the IMFBR Program Plan in the area of high-temperature systems
design, Task 2-000-2, This task will be addressed during the coming quar-
ter by personnel associated with the High-Temperature Structural Design
Methods Program.

The three interpretive reports that were being prepared in the areas
of mathematical representations of creep behavior, computational methods
for high-temperature structural design, and the behavior of welded joints
at elevated temperature have been completed, reviewed, and modified by the
authors and are presently in various stages of the ORNL report preparation
process, All will be published as ORNL reports in the next quarter or
early in the first quarter of FY-1973. The specific report titles and
numbers are:

1. E. T, Onat and F. Fardshisheh, "Representation of Creep of Met-
als," USAEC report ORNL-4783.

2, R. H. Gallagher, "Computational Methods in Nuclear Reactor
Structural Design for High-Temperature Applications — An
Interpretive Report," USAEC report ORNL-L756.

3. R. G. Gilliland, "The Behavior of Welded Joints in Stainless
and Alloy Steels at Elevated Temperatures — An Interpretive
Report," USAEC report ORNL-4781,

A fourth, somewhat related, report:

4, E. P. Esztergar, "Creep-Fatigue Interaction and Cumulative Damage
Evaluations for Type 304 Stainless Steel — Hold-Time Fatigue
Test Program and Review of Multiaxial Fatigue," USAEC report
ORNL-4757,

is presently being reproduced. All of these reports will be distributed
to recipients of this progress report.

Additional subcontracts have been initiated during this reporting
period and negotiations were completed for another., Work began under the
following subcontracts:

1. Atomics International — creep collapse tests of 16-in. piping

elbows.

2, A. J., Durelli, Catholic University — high-temperature Moire

strain analysis of a finite width plate with a circular hole.
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3., Babcock and Wilcox Co. — study of failure under multiaxial creep

conditions,

4, Battelle-Columbus Laboratories — development of a simplified

inelastic piping system analysis.
In addition, the decision was made to proceed with a subcontract with The
Boeing Company, Aerospace Group, to conduct a high-temperature test of a
shear-lag specimen using Boeing capacitive strain gages., Technical agree-
ment has been reached, and this effort is expected to begin June 1,

The subcontracts with General Electric and Teledyne Materials Re-
search are being extended to reflect additions to the original work scope,
General Electric is developing a transient heat conduction finite element
analysis which will become an integral part of the two-dimensional elas-
tic-plastic-creep computer program CREEP-PLAST, Teledyne, as an extension
to their analytical parametric studies of ratchetting in straight pipe,
will carry out a ratchetting investigation of a nozzle-to-sphere configu-
ration. The purchase order to Southern Research Institute to conduct 15
cyclic uniaxial stress-strain tests at 1200°F on our preliminary heat of
304 stainless steel has been extended to include tests at 800, 950, and
1100°F on the reference heat of type 304 stainless steel, These data are
to be used in inelastic analyses of structural tests,

A number of multiaxial (tension-compression-torsion) elastic-plastic
tests has been carried out at room temperature to evaluate some of the
features of the kinematic hardening model, which is recommended for FFTF
analyses, Results from cyclic-torsion tests and cyclic-torsion with a
constant superimposed axial load each support the kinematic hardening
assumption. interestingly, the latter type of test results in a progres-
sive axial growth, as would be predicted by the kinematic hardening model.
In preparation for high-temperature multiaxial testing, we have continued
our evaluation studies of Microdot weldable strain gages at temperatures
up to 1200°F. We believe that with proper procedures either the Microdot
gage or the BLH high-temperature gage can provide useful information up
to 1200°F, provided the maximum strain capabilities are not exceeded.
Unfortunately, these maximum strain limitations restrict use of the gages

in some practical applications.



Preparations for multiaxial creep testing are continuing at Brown
University. Iquipment and specimens are being fabricated, Particular
emphasis during this period was placed on the development of a DCDT sys-
tem for radial deformation measurements and on the evaluation of special
infrared heat lamps. These lamps are ideally suited to the test needs,
provided a lamp life of at least 1000 hr can be obtained. If this life
cannot be realized, it may be necessary to use less desirable carbon-
silicon heater rods instead, Multiaxial creep-rupture studies are to be
carried out at Babcock and Wilcox, Imphasis under that subcontract is on
failure and the evaluation of methods for defining and predicting failure.
The B&W effort is planned. as a 3-year investigation with selected tests
that may extend beyond. At ORNL, we are continuing to develop and improve
creep laws describing the uniaxial creep behavior of the preliminary and
reference heats of type 304 stainless steel that are being used in the
program, These creep laws are necessary ingredients in inelastic analyses
of the structural tests that are being carried out. ‘

The CREEP-PLAST computber program for elastic-plastic-creep analyses
of two-dimensional bodies is essentially complete and almost ready for
distribution to the public. The program, which was written to take advan-
tage of UNIVAC software, is somewhat "input/output bound" on our IBM 360
system. This means that the total running time for a problem is dispro-
portionately large in relation to the actual computational time, and we
hope to remedy this situation before the program is distributed. The pro-
gram will be distributed by ORNL to the public, but each recipient must
sign an agreement stating that any corrections, changes, or modifications
that are made to the program will, for a period of at leasf a year, be
provided to ORNL. In this way, we hope to maintain an up-to-date master
version of the program at ORNL, and this updated version will always be
available to program users. We have used the CREEP-PLAST program on
several relatively simple problems, generally with good results. We have
performed elastic-plastic-creep analyses of our beam tests, and consider-
ing the fact that we have not yet developed an equation for describing
the uniaxial creep data over the full range of stress levels of interest,

the results from the program appear to be computed correctly. We have
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checked them both with test results and with other analytical predictions
obtained with our small in-house finite element programs,

The EPACA program for elastic-plastic-creep analysis of general
thick shells is still being debugged at the Franklin Institute. They now
estimate that the program, complete with finished user's guide, will be
delivered to ORNL in May or June. However, the EPACA program is complex,
and we foresee the need for considerable evaluation before it can be made
available for design analees. k

We have perfofmed, at ORNL, a number of inelastic pipe ratchetting
design analyses in conjunction with our pipe thermal ratchetting test
plans, and we have also had Teledyne Materials Research perform a design
analysis using the ANSYS program. The ORNL studies were sensitivity anal-
yses to assess the effects of deviations from the reference test condi-
tions on the ratchetting strains., The Teledyne analysis was carried out
to obtain an independent prediction of the behavior of the first pipe
ratchetting test specimen. -

We have performed a series of inelastic analyses of the Mar-Test two-
bar ratchetting tests, which are being sponsored by PVRC, and we have
also performed a series of Bree-type analyses to examine elastic-plastic
shakedown and ratchetting, Rather than the elastic-ideally plastic mate~
rial assumed by Bree, we used a bilinear stress-gtrain curve with kine-
matic hardening. The resulting Bree-type diagrams indicate that, at least
for elastic-plastic behavior, the current ASME Code Case 1331-5 rules are
conservative, Finally, we have agreed to perform a series of "rigorous"
inelastic analyses of the IMEC beam ratchetting tests, and these analyses
are under way.

At ORNL, we are continuing our high-temperaéure elastic-plastic creep
tests of beams and of tubular weldment creep-rupture specimens, and prep-
arations are continuing for the simple plate tests and for the pipe ther-
mal ratchetting tests. The fourth of the planned series of four beams,
made from the preliminary heat of 304 stainless steel, has been tested.
This beam is a companion to the one reported in the previous quarterly,
and the two together allow the. examination of the effects of prior plas-
ticity on subsequent creep and prior creep on subsequent plasticity.

These results, along with appropriate materials behavior representations
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are being furnished as benchmark problems as previously discussed. The
next beam test will begin in May, following several improvements to the
beam test facility, and will utilize the reference heat of 304 stainless
steel,

We have performed one additional weldment creep-rupture test to com-
plete the original series of tests, and we are currently machining a
second-generation set of specimens, The decision has been made to again
use the standard 308 stainless steel bare-wire, TIG weld process for these
second~-generation specimens. Extra weld rod has been obtained from the
same lot for future fabrication of additional specimens and for weld
characterization studies, ‘

Design of the pipe ratchetting facility is nearing completion, To
protect the main sodium valve from the thermal downshocks, we have decided
to include a thermal capacitance tank just downstream from the ratchetting
test specimen. This capacitance tank will absorb the thermal shock and
thus increase the life of the valve., Plans for procuring the special
stainless steel materials required for the facility have been completed.
Alsc the Boeing capacitive strain gages and special signal conditioning
units have been ordered for the tests., TFinally, we have decided to weld
the 30-in.-long test section to adjacent sections of pipe using the spe-
cial F21 stick electrode process developed and being used for the FFIF
vessel. Most weld characterization data to be obtained in the near future
will be for this process, and hopefully we can eventually consider the
weld behavior in our evaluations of the ratchetting results., We plan to
use a l/8-in,—diam electrode which will match the weld process used on a
few 1/2-in.-thick plates being evaluated at ORNL, Most data for the F21
process are being obtained from 2-in,-thick plates welded with a l/h-in.-
diam electrode. .

Our basic uniaxial materials investigations at ORNL continue to em~-
phasize characterization studies, creep tests, relaxation tests, and
cyclic stress-strain tests., Our characterization studies have examined
5/8-in.—diam bar versus 1-in. plate from the reference heat of type 304
stainless steel, The properties are similar after both product forms have
been fully annealed, The bar characteristically has a fine-grain struc-

ture in the as-received condition but a coarse-grain structure, more nearly
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matching that of the plate, after annealing, We are currently examining
the structural stability of these product forms after long-term high-
temperature exposure, Our creep tests continue to emphasize the refer-
ence heat, both plate and bar., Preliminary compressive creep results seem
to agree with tensile creep data up to a certain strain level, after
which specimen instabilities affect the compressive results. Cyclic
stress-strain tests at room temperature, 800°F, and 1100°F indicate that
the degree of cyclic hardening increases significantly from room tempera-
ture to llOO°F; Although the initial yield strength at room temperature
is much higher than at 1100°F, the stress amplitude after a number of
constant-strain-range cycles is almost as high at 1100°F as it is at room
temperature.

The initial analytical pipe ratchetting parametric studies have been
completed at Teledyne Materials Research, and, as previously mentioned,
they are now analyzing a nozzle-to-sphere configuration for comparison
with the simpler straight pipe results., In the initial effort on straight
pipes, design curves were developed for ratchetting strain as a function
of elastic primary and secondary stress intensities and temperature. The
results indicate that existing design rules are very conservative. An
exception is one of the rules in the proposed IMEC supplement to Code Case
1331-5 (to be used in the design of IMEC facilities). When compared to
the results of the TMR study, this one IMEC rule is consistently and
reasonably conservative for all loadings and temperatures studied.

Finally, the multiaxial creep-fatigue tests (tension-compression-
torsion) at Pennsylvania State University will begin early next quarter,
Previous testing has been to obtain uniaxial baseline creep-fatigue and
cunulative damage data on the reference heat of 304 stainless steel in the

fully annealed condition.






1. INTRODUCTION

This is one of a continuing series of progress reports describing
work under the IMFBR program task to develop a structural design technol-
ogy and assoclated design criteria applicable to IMFBR vesseis, components,
and core structurals. This is the second quarterly progress report (pre-
viously reports were issued on a monthly or bimonthly basis) and it covers

the period January through March 1972,

' The high-temperature structural design methods program includes de-
velopment of analytical methods for predicting structural behaviors of
components whose geometries range from relatively simple to complex.
These components may be subjected to a variety of environmental conditions
(including temperature to about 1200°F, temperature changes, and sodium
atmosphere) and to various types of loadings‘and loading and temperature
histories. In the case of core structurals, irradiation effects must be
considered in addition to the above-named items. The work is being per-
formed with the participation and cooperation of industrial groups and |
code bodies.

In fheknear-ferm, emphasis of the program is being placed on estab-
lishing, evaluating, and providing information pertinent to interim design
methods and criteria for FFTF and early LMFBR demonstration plants. Ul-
timately, however, criteria must be based on accurate knowledge of time-
and history-dependent stress and deformation behaviors throughout a com-
ponent. Analytical techniques and associated materials behavior descrip-
tions will be identified or developed to permit detailed predictions of
the long-term history-dgpendent structural behavior of high-temperature
components. The validity of these materials behavior characterizations
and analytical methods Wiil be demonstrated by comparing theoretical pre-
dictions with results from a series of relatively simple structural tests.
kThe central thrust of the long-range program consists, therefore, of
(1) studies leéding to analytical descriptions of elastic-plastic and
time-dependent material behavior, (2) development of structural analysis
techniques incorporating these descriptions, and (3) basic structure tests
under elastic, elastic-plastic, and creep conditions for assessing the

basic feafures of the analytical methods,



In addition to the main thrust of the program, there are several re-
lated areas of study that are being pursued. These include component-
type structural testing, creep-fatigue cumulative damage criteria, the
behavior of weldments in critical structural areas, ratchetting criteria,
and inelastic buckling of common configurations such as piping components.
Specific tasks in the near-term effort were discussed briefly in the first

monthly progress report.l

2. ELASTIC-PLASTIC BEHAVICR STUDIES

K. C. Liu

2.1. Experimental Tests

2.1.1. Strain-gage evaluation studies

The study of the characteristic behaviors of commercially available
high-temperature strain gages, which was initiated during the last report-
ing period, was continued through mid-February. One type of Microdot
weldable strain gage (SG-420 series for application at temperatures up to
900°F) was previously tested and the results presented in the last progress
report.2 During this reporting period another type of Microdot weldable
strain gage (SG-425 series for high-temperature applications up to 950°F)
was tested and the results are discussed here.

According to the literature provided by the gage manufacturer, these
two types of weldable strain gages are basically identical in design and
materials except for a difference in lead wire construction. The lead
wires on the SG-L25 strain gage are insulated by magnesium oxide and are
completely sealed in a steel sheath for protection. The lead wires con-
nected to the SG-420 strain gage are insulated only by fiberglass sleeves
without any other mechanical protection, and, consequently, the fragile
lead wires become the most vulnerable parts of the strain gage during in-
stallation and in high-temperature enviromments. However, the SG-L2s5
‘strain gages are not totally trouble-free. Although magnesium oxide is
an excellent insulating material at high temperatures, it easily absorbs

moisture in the air, and this moisture degrades its electrical insulation



resistance. Almost all the SG-L425 strain gages received by ORNL were
dehydrated and resealed in the laboratory in order to maintain the mini-
mum effective insulation resistance of 100 MQ, as suggested by the gage
manufacturer,

Two SG-L25 strain gages were welded diametrically opposite to each
other at the midlength of a type 304 stainless steel specimen and oriented
in the longitudinal direction. The specimen and strain gages were gradu-
ally cycled between room temperature to 1200°F for three thermal cycles.
The characteristic behaviors of these strain gages under the thermal
cycling are shown in Figs. 2.1 and 2.2, The results indicate that the
characteristic temperature curves stabilized after the initial heating
cycle. Similar behavior was also observed for the SG-420 strain gages in
the previous test, but the characteristic temperature curves for subsequent
thermal cycles were not as stable as those reported here. On the other
hand, the rate change of apparent strain versus temperature for SG-420
gages was apparently lower than that for SG-425 gages. The drift rate
for SG-425 gages at 1200°F was initially about 36 uin./in./min and con-
tinued 2 to 3 pin./in./min after 1 1/2 hr at 1200°F. This drift rate was
higher than that reported previously for SG-420 gages. However, when the
specimen temperature was reduced to 1100°F, the drift rate became markedly
lower, having a value of less than 0.2 uin‘/in./min.

A uniaxial tension-compression test was then performed at a tempera-
ture of 1100°F using an SG-425 gage, and the test results are shown in
Fig., 2.3. The specimen was given an initial strain-controlled cycle of
approximately +0, 8% strain, which is 0.2% strain in excess of the limit
recommended for SG-425 strain gages by the gage manufacturer. Over-
straining was carried out to examine a possible extension of the strain
limit and to study the gage performance at a high strain range. The
cyclic strain range was then reduced to +0,6% strain for the second cycle
as a precaution against unexpected gage failure. The specimen exhibited
relatively pronounced material hardening resulting from the cyclic loadings.,
The hardening obtained was large in comparison with that observed at room
temperature for the same strain range. TFor the third cyclic loading the

specimen was again strained to the previous high strain level of 0, 8%.
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However, the gage failed to respond on reversed loading cycle and the
test was terminated.

As a closure to the investigation of high-temperature strain gages,
we conclude that both the BLH and Microdot high-temperature strain gages
can be used for experimental elastic-plastic behavior studies at elevated
temperatures up to 1200°F provided that tests do not exceed the maximum
range of strain recommended by the gage manufacturers. However, the abso-
lute accuracy of strain readout from these gages is not known because the
gage factors are given only approximately. Approximately correct strains
were calculated from the gage factors provided by the gage manufacturer
gsince we do not currently have an independent method available in the

laboratory for calibrating high-temperature strain gages.

2.1.2. Room temperature biaxial tests

A series of stress-controlled biaxial tests were performed at room
temperature using thin-walled tubular specimens made from the ORNL refer-
ence heat (9T2796) of type 304 stainless steel. Two 45° rosette strain
gages, Micro-Measurement EA-06-125RA-120 (see Table 2.1), were bonded
diametrically opposite to each other with the three strain elements ori-
ented in the longitudinal and two 45° diagonal directions as shown in
Fig. 2.4. The location of the strain gages was at the midlength of the
specimen so that the end effect from the specimen grips was minimized.

Five radial loading paths in a tension-torsion coordinate system (Fig. 2,5)

Table 2.1. Strain-gage data

Description Micro-Measurement, EA-06-125RA-120
Gage material Constantan alloy foil grid, Polyimide backing
Gage resistance Nominal and spread: 120.0 ohms iO.M%
Gage factor (75°F) 2.095 * 0.5 (longitudinal gage)
2.075 * 0.5 (45° diagonal gages)
Grid dimensions 0.125 in. long, 0.0625 in. wide
Temperature range Cryogenic to approximately +LOO°F

Strain limits 3% to 5%, tension or compression
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were selected for these tests; the paths were evenly spaced in two quad-
rants of the stress space. The loading path along the horizontal axis
corresponds to a uniaxial tension-compression loading and one along the
vertical axis gives pure torsional cycling. The three remaining radial
loading paths are combined tension-compression and torsion-reversed-tor-
sion tests of three different stress ratios. The normal stress axis of
the coordinate system shown in Fig. 2.5 is reduced by a factor of 1A/§.
This axis modification allows the initial yield condition of von Mises to
be represented by a circle in this tension (o11)//3-torsion (c1z) space.
That is,

2

Gll 2 p=2
— + 012 =k »

(2.1)
where k is a constant., If the von Mises' flow rule is to apply in this
subspace, it is also necessary to transform the plastic strain components
simultaneously. Figure 2.6(B) is the plastic strain space corresponding
to the modified stress space in Fig. 2.5.

In order to cancel possible bending effects on the test specimen, the
two strain gages at dlametrically opposite positions were connected to
opposite arms of each bridge circuit. This allows one to read the strains
in the longitudinal and two 45° diagonal directions simultaneously. Three
stress-strain curves for the radial loading path [Fig. 2.6(A)] in the
direction of a stress ratio, allA/§: 012 = 1:1, are plotted in Figs. 2.7,
2.8, and 2.9. The circumferential shearing strain component is equal to
half the sum of the two strain readouts from the u5° diagonal strain gages.
Axial and shearing components of plastic strain were then calculated and
the plastic strain trajectory in response to the radial loading was plotted
in the special strain coordinate system [Fig. 2.6(B)]. The slope of the
plastic strain trajectory is close to a ratio of~/§/2 e?l: efg = 1:1.

This result strongly supports (1) the normality postulate, if the initial
yield surface 1s truly of von Mises' form, and (2) the classical kinematic
hardening rule, although to prove the latter a more thorough examination
of the yield surface is needed. The tesgt results for the other radial
loadings have not been completely analyzed and are not shown in this re-

port. The analyses of the test results are continuing.
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Figure 2.10 shows the results of a tension-compression stress-con-
trolled cyclic loading test. Upon completion of 20 loading cycles, the
specimen was again loaded in tension to a stress of 42,000 psi, the
highest stress previously attained. Cyclic torsion was then applied to
the specimen while it was under the constant axial load. The test re-
sults revealed that the specimen underwent longitudinal elongation of
approximately 2.1% when ten cycles of torsional loadings between *7500
psi and ten between 110,000 psi were subsequently applied. The histogram
for these cyclic tests is shown in Fig, 2.11. The first torsion cycle
yielded approximately 1/3% strain, but incremental elongation decreased
to less than 0.06% strain per cycle at the end of the twentieth cycle.
Again, this observation supports the classical kinematic hardening con-

cept.

2,2. ‘Theoretical Studies

In the course of examining proposed changes to ASME Code Case 1331-5,
attention was given to the criteria which govern shakedown and ratchet-~
ting on the basis of Eq. (13) in Paragraph 5.2(b). The rationale of the
presently proposed rules on shakedown and ratchetting was developed largely
from Bree's investigative work on elastic-plastic behavior of thin tubes,®
in which the Bree diagram was constructed on the assumption that the ma-
terial is nonwork-hardening. Our effort here is to present some theoret-
icael predictions of possible changes in the Bree diagram if the funda-
mental assumption of material behavior is changed to a work-hardening
type. The effect of work-hardening was briefly discussed by Bree,® but
in his analysis the Bauschinger effect, which is typical of type 304 stain-
less steel, wag not included. In the following discussion the material
behavior was assumed to be represented by a bilinear elastic-plastic
stress-strain relation with the classical kinematic hardening properties
[Fig. 2.12(A)]. Furthermore, in order to simplify the algebraic complex-
ity, most of the convenient assumptions used by Bree, other than those
stated above, were retained in this analysis. The analysis is lengthy
and tedious. Therefore, only a few typical conditions are discussed here,

but the final results are summarized and compared with the Bree diagram.



Axial Stress, o, (1000 psi)

16

ORNL-DWG. 72-6273

20 T T T T T
Test Condition: Room Temperature . .
Material: 304 Stainless Steel | Axial Defformation Caused by Cyelic Torsion ]
(heat 9T2756) ] |
40 |-
1lth Cycle
30 j— Ist Cycle
20 |—
10
20th Cycle
Ended
Here
0
-10 —
-20
-30 —
40—
-50 | | 1 | | | ]
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

Axial Strain, %

Fig. 2.10. Axial cyclic stress-strain curves and axial defor-
mation associated with cyclic torsional loading.



17

ORNL-DWG. 72-6274

10

-2

Shearing Stress, o), (1000 psi)
o

-4

T | | I i

o = 42,000 psi

Test Condition = Room Temperature r ﬁ ” ”
Material: 304 Stainless Steel (heat 9T2796)

1st Cycle 2 3 4

0.5 1.0 1.5 2.0
Axial Strain, %

Fig. 2.11. Histogram for torsional cyclic loading.




18

ORNL~DWG. 72-6275

Stress -

i

i
0 Strain

By
T
) o

i

Fig. 2.12. Bilinear elastic-plastic stress-strain curve and
uniaxial stress model for ratchetting study.



19

Consider a cyclic linear thermal gradient applied to a uniaxial
stress model of the Bree type [Fig. 2.12(B)] which is subjected to a con-

stant tensile stress of op.

Case I: When op < 0,, where o, is the initial yield stress, and the sec-

Y Y

ondéry stress o, due to the cyclic thermal gradient satisfies the condi-

t

tion o, > 20,,, the first incremental plastic strain due to the initial

t Y’
thermal gradient is given by

E, ¢, ¢
_ b _tp_
(ey = ¢p) 3 ey €y
Aeq = T €y 5 (2.2)

where E and EJG are, respectively, the moduli of elastic and plastic re-

sponses in the bilinear stress-strain curve shown in Fig. 2.12(A), and

G—O_Y
Y~ FE 7
¢ oot
t " E
X
€p=E.

Subsequent ratchetting is given by

K,e
Ne = X

—————— Ac (n=12,3,...)
n KleY + Koe:JG n—1 ’ d

(2.3)

where

Hll?:l
ct

and

tJ-:IIH
d.
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Since the term € /E is positive definite, subsequent ratchetting will

E
t %
decrease ag the number of cycles increases. The limit of plastic cycling

is determined by setting Ac = O for Eq. (2.2). This gives

2 Et
£ = v T &y (ey = et) T - (2.4)

Since Sy < €t in this case, the last term of Eq. (2.4) is also a positive
definite quantity. As a result, the line expressed by Eq. (2.4) falls
above the plastic cycling boundary of the Bree diagram. In the case of

nonwork-hardening, E_ = 0 and Eq. (2.4) reduces to

t

€€ =&y, (2.5)

which is equivalent to Bree's form. .

o, and the secondary stress o due to ther-

+ < 20,,, the first incremental ratchetting

due to an initial thermal transient is given by

Case II: When 1/2 oy < o, <
mal cycling is M(GY - op) <o

1/2

. € - €
Y
Ne, = ]I;:—l {Ka + [Ké ~ K, —P—Et——] } , (2.6)

where
E
t
Ko =1+ T
Subsequent incremerital ratchetting strains are calculated from a quadratic
expression and are functions of prior incremental plastic strains. Al-
though the subsequent plastic increments do not form regular geometrical

series, plastic strain increments do decrease as the number of cycles

increasges.

Case IIT: When Gp = g, and the secondary stress o, due to thermal cycling

Y t
the first incremental ratchetting strain is given by

1=V,
= — ¢
vEs

is Ot < 20Y,

Ne v (2.7)

1
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and the second incremental ratchetting strain is

K.Ae
11
NeEp = €y o (2.8)

Kerl + KleY Y

Again, the subsequent incremental ratchetting strains are functions of
prior incremental plastic strains as in Case II. Incremental ratchetting
decreases as the number of cycles increase in this case.

Case IV: When Gp > Oy and Oy > 0, incremental ratchetting behavior is

analogous to the case for cp = Oy since the material is assumed to behave

according to the classical kinematic hardening rule. Consequently, the

total accumulated plastic strain for this case will be

°3 2
}J Ae = EJ he + (e — EY) . (2.9)
n=1 ]G > 0 n=1 lc = 0 P

P ¥ P Y

From the cases studied in the foregoing discussion, it is apparent that

if the material is work-hardening and behaves with a Bauschinger effect,
the incremental ratchetting due to constant thermal gradient cycling de-
creases as the number of cycles increases. This allows the accumulation
of plastic strain increments due to thermal ratchetting to be estimated

mathematically.

In order to summarize the above discussion in a more practical man-
ner, we assumed that the hardening coefficient of the material in the
plastic range was a constant value independent of temperature, and a value
of Et/E = 0,021 was used in a numerical example. The total accumulations
of plastic strain increments due to thermal ratchetting were calculated
and plotted in Fig. 2,13, which can be used to estimate total accumulated
strain. As an example, material properties for type 304 stainless steel
at 1200°F are: E = 20.9 x 10° psi, and Oy = 14,200 psi. Using these |
values the stress limits for 1% total strain accumulation can be estimated
from Fig, 2.13, as shown by the dashed line. As stated earlier, the above
results are estimated on the basis of an idealized kinematical hardening
model. Therefore, the effects of material hardening due to cyclic load-

ings are not included.
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From the above study it seems that the rules for shakedown and
ratchetting based on Eq. (13) in Paragraph 5.2(b) of Code Case 1331-5 are
too conservative, and the supplement to Code Case 1331-~5 proposed by
IMEC for SPTF is more favorable. However, this study cannot be considered
conclusive since the effects of creep on thermal ratchetting at high tem-

peratures are not included,

3. TIME-DEPENDENT BEHAVIOR STUDIES

C. E. Pugh

3.1l. Representation of Time-Dependent Behavior
of Structural Materials — An Interpretive Report

Professor E. T. Onat
Yale University

A copy of the final draft of the interpretive report has been re-
ceived by ORNL. This draft is now being prepared for more general distri-

bution as an ORNL report. Specifically, the report title and number are:

E. Turan Onat and F. Fardshisheh, "Representation of
Creep of Metals," USAEC Report ORNL-L4783, Oak Ridge
National Laboratory.

This report will be published and distributed during the next quarter.
The recipients of this progress report will be included in the distribution

of the interpretive report.

3,2. Multiaxial Creep Studies

Professor W. N, Findley
‘ Brown University

3.2.1. Work completed during the month of January

1. Due to the fact that the infrared quartz heating lamp failed before
1000 hours during a trial period, investigations are being made to
determine what changes are required to prolong lamp life, Subjected

to extreme temperature conditions, the end seals of the lamp



2.

3.

L,

7.

8.

2L

deteriorated. Hopefully, special high-temperature lamps and suitable
protective shielding of the end seals will eliminate any sources of
electrical failure, However, if no feasible improvements are possi-
ble, the use of carbon silicon rods will be explored. The heating
rods have longer life, but slower response to intentional changes in
temperature.

A preliminary design for radial strain measurements will employ dia-
metrically positioned DCDT's, invar extension probes and transite

shielding, TFabrication of the components for the design has been

~initiated. Provisions have been made so that the distance between

the specimen and the temperature-sensitive DCDT's can be varied. In
comparison with the lever system, the proposed design will require
smaller apertures in the shielding (hence, better temperature distri-
butions), minimize errors due to vibrations, and be easier to fabri-
cate. The performance of this experimental system of measurement will
determine the final design,

In order to alleviate rapid wear, a different type of carbide material
is being used to machine the specimen.

One of the yokes for compression testing has been fabricated.

Power controllers allowing better control over the end heaters are
being purchased,

In order to facilitate accurate recording of the temperature distri-
bution, various types of temperature measurement equipment are being
examined.

Since several testing frames will be utilized concurrently, high-
temperature parts for additional extensometers are being made.

Manufacture of additional specimens has continued,

3.2.2, Work completed during the month of February

1.
2.

3.

High-temperature parts for additional extensometers have been completed.
A power controller has been received and is presently being evaluated
for its performance in providing adequate control over the end heaters.
In an attempt to increase lamp life to 1000 hours, special high-tem-

perature infrared heating lamps have been ordered.
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4. The fabrication of the preliminary design components for radial strain
measurements has been completed. During a trial run with a "dummy"
specimen, the temperature-sensitive DCDT's were subjected to a tempera-
ture enviromment well within their operating range (less than 1L4O°F).
Instrumentation stability and the effect of temperature variations on
the DCDT's (i.e., apparent strains due to thermal expansion of the ex-
tension probes) are still being investigated. Because of problems
associated With the increased length of the probes, additional pro-
visions for proper alignment of the extension probes with the DCDT's

may be necessary.

3.2.3. Work completed during the month of March

1. Specimen no. 1 of 30L4 stainless steel is being mounted in a machine
for a tension-torsion creep test at 1100°F, using a special high-
temperature lamp recently received.

2. The life of the new lamp will be determined to see whether this type
will provide the desired 1000 hour life,

3. The use of carbon rods in place of the lamp for heating the specimen
has been under test, and evaluation will continue. It is clear that
the lamp works better, but its life is in doubt.

4, The power controller seemed to be defective, was returned for check-
ing, and has been received again. |

5. Operation of a new type digital temperature indicator has been evalu-
ated and found satisfactory.

6. A dummy specimen is set up in a tension testing frame with a lamp
heater. This setup is being used to devise suitable means of achieving
the desired temperature control and distribution., At present the
variation of temperature with time at 1100°F is 12,5°F, and over the
4-in, gage length the variation is *2.3°F at 1100°F.

7. Manufacture of additional specimens has been continued.
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3.3. Activities Associated with Investigations of Creep
Failure Under Uniaxial and Multiaxial Conditions

C. E. Pugh

A subcontract was awarded during this guarter to the Babcock & Wil-
cox Co. for studies of failure under uniaxial and multiaxial creep con-
ditions. The negotiation of this subcontract on the basis of a final
proposal was noted in the Summary and Status section of Ref, 4, The
principal investigator of this activity will be C. C. Schultz of B&W's
Alliance Research Center. The general purpose of this study is to study
failure under creep conditions in a comprehensive and consistent fashion
and lead to the evaluation of methods for defining and predicting failure.
The program is basically considered to be a three-year effort, with a
selected number of back-up tests conducted with expected failure times
of up to five years,

The overall study is to be both analytical and experimental. Tests
are to be conducted over a range of temperatures, with initial emphasis on
1100°F, using specimens of type 304 stainless steel from the ORNL refer-
ence heat (9T2796). Both microscopic and macroscopic observations of
deformations and rupture are to be included.

Uniaxial tests are to include tests to failure under constant load,
tests to failure under stepwise-varying loads, and tests interrupted prior
to failure, A number of constant load uniaxial tests will be creep tests
for which deformation measurements will be made to failure and conducted
under conditions which represent points dispersed throughout the overall
matrix of failure tests. Similarly, deformation measurements will be ob-
t&ined for some of the failure tests with stepwise-varying loads. Finally,
the uniaxial rupture tests will include the simultaneous initiation of
several specimens under identical conditions. At selected percentages of
expected lifetimes, up to two of these tests would be interrupted; one
for microscopic examinations and one for tensile testing to failure.

Tests will be conducted under multiaxial states of stress through the
use of tubular specimens subjected to combinations of internal pressure
and axial loadings. Some of the multiaxial tests will involve specified

ratios of axial to pressure loadings that are maintained to failure.
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Tubular specimens with various diameter-to-thickness ratios will be used.
The ratio of axial-to-circumferential stresses will be changed in a step-
wise mamner during some of the tests to investigate material degradation
in a direction other than the direction of maximum stress.

The analytical aspects of this activity are to lead to an evaluation
of methods of predicting multiaxial failure under creep conditions. The
initial activities include a literature review and will be followed by

uniaxial modeling and correlation,

3.4. ORNL Studies of Time-Dependent Behavior

3.4.1. Creep law development for the ORNL reference
heat of type 304 stainless steel (C. E. Pugh)

A part of the analytical ratchetting study being conducted at Tele-
dyne Materials Research Co. (TMR)(discussed in Section 7) is to analyze
the ORNL pipe ratchetting experiment® (discussed in Section 5). For this
particular analysis, material behavior information pertinent to the mate-
brial to be used in the experiment was needed. The material is the ORNL
reference heat (9T2796) of type 304 stainless steel. To partially fulfill
this need,'a creep law of specialized form was developed on the basis of
the constant uniaxial load creep data presently available from 1100°F
tests. |

The TMR study makes use of a creep law which is of the form

de Cs Ca C,
o ¢, tCo (3.1)

where C,, Cg, C4, Cs, and C; are constants. [The indicated notation for
the C coefficients is adopted to be consistent with that given in Eq. (9.1)
of Ref. 6.] The variables in this equation are to be interpreted as:

€, = total axial creep strain measured in (in./in.),

1l

uniaxial stress measured in (ksi),

Il

time measured in hours.
Using creep data from ORNL tests conducted at 1100°F (Ref. 6) and for uni-
axial stress levels of 20 ksi and below, values were determined for the

C coefficients and are shown below,.
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, = 9.2878 x 107*°

C. =

Cs = 5.6L15

Cq = —0.80082 (3.2)
Cs = 1.9090 x 10-'%

Cz = 6,524k

To arrive at these values, a least-squares fit was obtained to each

of the available creep curves with an equation of the form

e(t) = A, (1 - e_rlt> + Ao (1 - e_r2t> + kt . (3.3)

A £it was then, in turn, obtained for Eq. (3.1) through the use of Eg.

(3.3) and its time derivative for each test.

3.4.2. Creep law development for the ORNL preliminary
heat of type 304 stainless steel (C. E. Pugh)

In the last quarterly progress report,’ a creep law was given for the
representation of data from constant-axial load creep tests of ORNL's
preliminary heat (8043813) of type 304 stainless steel at 1200°F. It was
reported that the data considered were from tests with ihitial stress
vaiueé ranging from 8 to 25 ksi. Inadvertently, however, the expression
given for r(o), see Eq. (4.14) in Ref. 7, was not the one intended. The
creep law given in Ref. 7 i1s not recommended for use in analyses associ=-
ated with this material, except at high stress levels.

The expression given in Ref. 7 had been developed on the basis of
information. from tests with initial stress values ranging from 12.5 to
25 ksi. An expression for r(oc) that had been developed while including

some information from tests with stress values as low as 8 ksi is
r(c) = 1.275 x 1073 0-13750 | (3.4)
where r is in (houu*s)"'l and o in ksi. That is, the intended statement was

“(o,8) = (o) [1 = (] 4 kot 3.5)
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with
A(o) = 8.26 x 107* sinh (0.200) , . (3.6)
r(o) = 1.275 x 107° e(0'13750)_, | (3.7)
K(o) = 1.632 x 1071° [sinh (0.18580)1% , (3.8)

with o in ksi, creep strain in (in./in.), and time in hours. Although this
particular representation was being stated, other expressions for the
stress-dependence of these parameters were considered by the earlier inves-

tigations. In particular, power law relations were obtained for A(o) and

r(o): |
A(o) = 2.079 x 1078 ¢=-11 | - (3.9)
r(o) = 3.991 x 107> ¢&-99%4 | (3.10)

where A(o) is in (in./in.), r(o) in (hours)™?, and ¢ in ksi.

When compared with the data available when these rélations were de-~
veloped, there is little difference betWeen fhe agreement given by the two
sets of expressions for A(c) and r(o}. However, when extrapolated to
 stress levels below that for which data were available, the predictions
of the two sets of representations may diffef éubstantially. In particu-
lar, Eqs; (3.9) and (3.10) predict smallef»primary éreep values and longer
durations of primary creep. ' | \

The observations made above demonstrate some of the uncertainties
associated with the extrapolation of a creep law into ranges for which '
daﬁé do not exist. Since creep analyses of structures critically depend
on the creep law as input, the necessity of having creep data over the
ranges of variables which apply to the problems to be analyzed is égain
pointed out; For the design of reactor components, this means that data
must exist for rangeé of variables, such as stress, temperature, and time,
that are representatiVe of design conditions. Recommendations for test-
ing of materials under representative LMFBR design ranges‘have been made
and were discussed in Ref. 8.

Some additional creep information, a part of which is shown in Fig.
6.4 of Ref. 6, is now available'fqr‘the preliminary heat at stress levels

of 10 ksi ahd below. This information is currently under investigation
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and will give further definition to the creep law at the lower stress
values. Preliminary observations suggest that the creep law given by
Ref. 7 and the law given by Egs. (3.6) through (3.8) in this report tend
to over-predict the primary creep at low stress values (below 10 ksi).
The correlations given by Egs. (3.9) and (3.10) with Eqg. (3.8) give better
predictions at these low stress values. The law defined by Egs. (3.8)
through (3.10) is essentially that which was used to make the predictions
shown in Ref. 9 (Figs. 4.4 through 4.6). Efforts to establish a more
definitive creep law on the basgis of all available information is in
progress and will be discussed in the next quarterly progress report.

The attempts have been, in developing primary and secondary creep
correlations, to provide a’representation for the entire span of data,
in both streés and time. When such a representation is applied to a spe-
cific limited range of stress or time, variations in the detailed accuracy
of the represe