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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
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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



xi

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.



27

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 representation can result. TFor example, an expression of the form
given by Eq. (3.5) cannot exactly represent all points of long-duration
creep-time curves. In this conhection, other forms for representing the

time dependence of the creep law have been™®

and are being studied. How-
»evef, if only short-time creep behavior (times << 2000 hours in this case)
is of interest, a correlation can be developed from data over the limited
rahge and most probably provide improved accuracy of representation in
this restricted region. The same is true for specific limited stress
ranges.

The beam analysis, discussed in Subsection 4.2 of this report, for
example, applied the creep law given in Ref. 7 and that given by Egs.
(3.8), (3.9), and (3.10) of this report to low stress and relatively
short-time situations. Observations are made there of features which
substantiate some of the before-mentioned features of these particular
creep laws in this iow stress regime, Since the structural test and‘anal-
ysis study reported in Subsection 4.2 is one of examining the overall
basic features and principles fundamental to existing analytical methods,
it is important that use be made of the creep law which most accurately
represents material behavior over the appropriate ranges of stress and

time. Therefore, as noted earlier, efforts are continuing to establish
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a creep law which includes the most representative description of the

information available from low stress tests.
L, STRUCTURAL ANALYSIS
J. M, Corum

4,1, Develomment of Elastic-Plastic-Creep
Finite Flement Computer Programs

4,1.1. Development of general three-dimensional thick-shell
elastic-plastic-creep finite element program (Z. Zudans, The
Franklin Institute Research Laboratories; W. XK. Sartory, ORNL)

The complete EPACA program has been assembled and is being debugged.
This debugging procedure is taking considerably more time than expected.
Also, minor changes and modifications are continuing to be made in the
program. Thus, the program is not yet available; the best current esti-
mate is that it will be ready to deliver to ORNL in May. |
- The major portion of the User's Manual for EPACA has been finished.

The expected Table of Contents is reproduced below.

THEORY AND USER'S GUIDE FOR EPACA

TABLE OF CONTENTS

Section o " Description
I GENERAL INTRODUCTION
IT THEORY AND METHODS

1. Tantroduction
2. Technical Discussion of Analysis Methods
2.1. Brief Summary
2.2. Solution Method and Incremental Variational Principle
2.3. Constitutive Relations
2.3.1. Isotropic Strain Hardening
2.3.2. Kinematic Strain Hardening
2.3.3. Yielding from Elastic State
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Section Description

2.3.4, Reduction of Constitutive Relations to
Generalized Plane Stress Case

2.3.5., State of Loading
2.4. Time-Dependent Creep
2.5. Eigenvalue Computation
2.6. Forward Integration
2.7. Solution and Decomposition
2.8. References
3. Element Types
3,1, Brief Summary

3.2. Element NKAD = 3
3.3. Element NKOD = 4
3.4. Element NK@D = 5
3.5, Element NKgD = 6

3.6. Isoparametric Elements NK@D = 7 to NK@D = 8
4. Reference Frames, Reference Surface, and Shifts
5. Materials Properties
IIT PROGRAM DESCRIPTION
1. Introduction
2. Load History Concept
3. Types of Analyses
4, Overall Program Layout
5. I/0 Units and Their Storage Requirements
6.

Function of Major Subroutines
v INPUT GUIDE
1. Introduction
2. Concise Input
2.1. Input Flow Chart
2.2. Card-by-Card Concise Input
3. Detailed Card-by-Card Input Instructions
v SAMPLE PROBLEMS

Section II, Theory and Methods, and Section IV, Input Guide, have

been submitted to ORNL, as has a preliminary complete program listing.
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Specifically, during Januvary the main emphasis was placed on debugging
the creep analysis, load-~history scheme, and nonisothermal plasticity
portions of the program. Also, work was continued to modify the program
so that the equation formation, solution, and decomposition is optionally
done by using external storage devices. Relative to the creep analysis,
the auxiliary creep hardening rules recommended by‘ORl\TLll in connection
with strain hardening were inéorporated via the subroutine AUXRU. -This
subroutine was reviewed and approved by ORNL.

During February the assembly of the overall program with the inclusion
of creep, nonisothermal plasticity, load-history concept, single and double
precision, and in-core and out-of-core strategy was completed, and the de-
bugging stage was begun. A large number of new and modified subroutines
were written and the input layout was extensively changed. The overall
user's manual outline was prepared and the manuscript for Section IT was
completed. ‘ ’ ‘

The debugging and testing of computational modules proceeded in paral-
lel with the overall program debugging by the use of the in-core, single
precision program version first assembled. This version of the program
had previously satisfactorily solved a small problem for loading into the
plastic zone followed by creep relaxation and then by a complete unloading.
Bugs found in this version were immediately corrected in the final com-
plete version of EPACA.

During March major emphasis continued to be placed on debugging of
the overall program. The final input layout was generated and a card-by-
card input’map was prepared and placed as an element on the program tape
as well as used as the manuscript of Subsection 2.2 of Section IV of the
"Theory and User's Guide for EPACA."

Problems were encountered with the Univac 1108, Exec 8, Level 26
operating system in the transfer of labeled commons. System experts of
the Univac computer services supplier are studying the question and
promise to resolve the problem as soon as possible.

The complete program listing, including a number of superseded sub-
routines, was sent to ORNL. From the overall program point of view, this
-listing represents the program in its final form, except for the restart

feature with respect to some of the computational modules; however, further
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changes are presently being worked on. Also, some of the double precision
subroutines have not been punched as yet from the corresponding single
precision subroutines.

As mentioned in the previous program report, ORNL has obtained a pre-
liminary version of the EPACA program. The preliminary version that we
have does not have complete facilities for inelastic calculations or auto-
matic mesh generation capabilities. Documentation, particularly with
regard to input data preparation for the preliminary version, is also in-
~complete. Nonetheless, several elastic and inelastic analyses involving
thermal and pressure loading of flat plates have been attempted on this
program, but with only minimal success. When a complete version of the
program. and documentation are available, a more intensive effort to test

and evaluate the program and its many options will be made by ORNL.

4.1.2, Development of two-dimensional elagtic-plastic-creep
finite element program (Y. R, Rashid, General Electric Co.;
J. M. Corum and J. S. Crowell, ORNL)

The CREEP-PLAST program is currently undergoing final checkout and
evaluation at ORNL. Two reports have been prepared by General Electric
to aid the program user, One of these, Part IT: User's Marual for CREEP-
PLAST Computer Program, has been received at ORNL in final form. The
second, Part I: Theory for CREEP-PLAST Computer Program, is preseuntly at
the printers and will be ready in mid-May.

Two versions of the program were developed — a research version and

a production version. The research version, which is primarily for ORNL

in~house use, is the more versatile of the two with respect to the con-
stitutive equations that can be handled and the manner in which they are
treated. This versatility is achieved at the cost of efficiency and
cepacity in terms of the number of time steps (80) that can be handled.
Thus the research version is for examining the use of various constitutive
theories (particularly those of the memory type), not for analyzing struc-

tures with realistic load-temperature histories.* The production version

*Both load steps and time increments, in the 'time increment-initial
strain' approach, are treated as time steps by CREEP-PLAST. The limitation
of 80 time steps in the research version is overly restrictive for realis-
tic histories. ‘
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is geared to the more efficient handling and solution of realistic prob-
lems. Because it does not have provisions for integrating over the entire
previous history at each time step (as required in a general memory theory
approach), there is no real limit to the number of time steps that can be
used in a given analysis. Currently each run is limited to 200, but re-
start capabilities can be used to extend this to any number. It is the
production version, not the research version, that will be made generally
available to the public, :

Although the CREEP-PLAST program was made operational on an IBM 360
computer system, the programming was done to take advantage of Univac 1108
Input/Output'software. Cohsequently, both research and production versions
of the program are 'I/0 bound.' The result is that the total machine time
:for a run 1s excessively‘large relative to the actual CPU time used on the
IBM 360 syétem.* A£ ORNL we can get around this very real problem by using
more of the availasble fast memory of the 360/91 system.** However, we are
lookingvat’other ways of improving the situation in order to keep the pro-
gram relativelyvsmall and machine independent for public use.

We have spent, at ORNL, cdnsiderable time checking and correcting
various aspects of the research version, and more recently of the produc-
tion version. Several problems have been successfully run, one of which
is described in the neXt section. A small number of additional sample
problems must be rﬁn and a number of fairly small modifications that were
made by General Electric must be incorporated before the production version
will be generally distributed to the public. The program will be available
from, and kept updated by, ORNL. The program will be released with the
agreement that any changes and modifications that are made will be coordi-
nated with ORNL‘for at least a period of one year. In this way everyone
will benefit from anybcorrections, modifications, or extensions made to the
program, and a current updated version will always be avallable.

The General Electric subcontract has been extended for eight months

to extend the capability of CREEP-PLAST to include the solution of the

*This is probably true also for a CDC 6600 system.

**The CREEP-PLAST program currently requires UYOOK bytes of fast memory
(for 900 nodes, 1800 elements). User programs can currently use up to
1500K of the 2000K 360/91 fast memory.
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transient heat conduction problem for plane and axisymmetric structures.
Also, arrangements have been made with Y. R, Rashid to include in the pro-
gram all of the ORNL constitutive equation recommendations as previously

1

described.! These latter changes will be available about June 1.

4.2. Elastic-Plastic-Creep Analyses of Beam B3

J. A, Clinard
J. M. Corum
W. K. Sartory

The initial elastic-plastic loading of beam B3 (Ref. 12) to 1900 1b
and the 312-hr creep period at that load level have been analyzed using
both the CREEP-PLAST program, which was developed at General Electric, and
the PLACRE program, which was developed at ORNL, TInitially, both analyses
used the creep equation given in the previous quarterly progress report13
for the preliminary heat of 30L stainless steel at 1200°F. TFor the ini-
tial loading stress-strain curve, both analyses used a representation of
the actual curve which is recommended later in Section 5.1.2 of this re-
port (see Fig. 5.9).

To obtain a valid comparison of the two analyses, identical finite
element layouts were used. One-half of the 2 in. high by 26 ih. long,
simply supported, center-loaded beam was represented for the plane stress
analysis. A uniform square mesh consisting of 832 constant strain tri-
angular elements and L77 nodes was used. Both programs use the tangent
stiffness method, with kinematic hardening, for elastic-plastic analyses,
and in both cases 11 load steps were used to reach 1900 1b (one step to
900 and ten steps between 900 and 1900 1b). For creep, both programs used
the equation-of-state approach with strain hardening. Primary strain
hardening was used by CREEP-PLAST, whereas total strain hardening was used
by PLACRE. For CREEP-PLAST, 18 time steps were used in the creep analysis
and these were chosen and input by hand. PLACRE has an automatic time
step selection procedure, and this resulted in 48 time steps over the
312-hr creep period.

The results of the two analyses are typified by Figs. 4.1 and 4.2
where the predicted center deflection behavior of the beam is compared

with the measured behavior. The elastic-plastic loading predictions



Load (1b)

BEAM B3 ORNL-DWG 72-6415

2000 1
W
,/””j::f“"’
1600 ‘ //
1200 ' ////,/ ///:;
800 //
Experimental
——— CREEP-PLAST
- — — == —PLACRE
%00 // s :
0 .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Tnitial Deflection (in.)

Fig. 4.1. Predicted and measured load versus center deflection behavior
of beam B3 for initial loading to 1900 1b.

LE



38

ORVNL~-DWG 72-6416

BEAM B3

Using creep law for preliminary
heat given in ORNL-TM-3736

)

0.18 y; 4

/
'/

0.16
‘Y
/
/
0.1} 1/ :
/ Using creep law given 1in
/ Subsection 3.4.2 with power
/ law expressions for A(c)
K and r{o)
g
- 0.12 // \?;;
g .
bt / //
b 7
a / /
& o / %
& 0.1 / /
i /]
o

) / /%
s

y

>

312 hr

Experimental:

VDT L3
~@——@-Dial Gage D3

Predicted:

e v CREEP~PLAST

- — — — PLACRE
]
0 100 200 300 400

Time (hr)

Fig. L4.2. Predicted and measured creep deflection versus time for
center of beam B3 during initial 312-hr creep period at 1900 1b. Note
that although the deflection is labeled 'creep deflection,' plastic be~
havior also occurred simultaneously, and both analyses accounted for this
behavior.
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shown in Fig. 4.1 agree reasonably well with the measured behavior. The
initial creep predictions, which are represented by the two upper curves
in Fig. 4.2, do not do as well. Here the main problem probably arises
from the fact that the creep equation used to describe the uniaxial creep
data overestimates the measured primary creep data at the low stress
levels and relatively short times existing in the beam test. For example,
at 8000 psi the predicted creep at the end of 300 hours is about 1.8 times
the creep strains measured in two uniaxial creep tests performed at ORNL,
Two uniaxial creep tests at 6000 psi seem to indicate that very little
measurable creep occurs at that low stress level.

To further illustrate the influence of the creep equation on the
analysis predictions at these low stress levels, a second beam analysis
was carried out using one of the alternate creep equations given in Sub-
section 3.4.2 of this report, and the results are also shown in Fig., kL.2.
The creep equation used is given by Egs. (3.5), (3.8), (3.9), and (3.10),
and uses power law expressions for A(c) and r(o). The extrapolation to
low stress levels using this equation provides better agreement with the
uniaxial creep data than does the equation given in.Ref, 13, and, not
surprisingly, the predicted beam behavior agrees better with experiment.

As mentioned in Subsection 3.4,2, efforts are underway to obtain a
creep equation that better predicts the low stress creep behavior. This
equation will take into account additional low-stress creep data that were

not available when the previous equations were developed.

4,3, FElastic-Plastic-Creep Analyses of First Proposed
ORNL Pipe Thermal Ratchetting Test

4.3.1. ORNL pipe ratchetting sensitivity studies (W. X. Sartory)

To assist in the design of the ORNL pipe thermal ratchetting tests
(see Section 5.2 of this report), a series of analyses was carried out to
determine the sensitivity of the ratchetting to variations in a number of
test conditions. The reference conditions during the thermal shock por-
tion of the first test are:

1. A coolant temperature drop from 1100°F to 800°F at a constant
rate of 30°F/sec, followed by a hold period at 800°F until the wall tem-

perature is uniform.,
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2. A constant pressure of 700 psi during the shock itself, (The
pressure is removed and reapplied later at 8OO°F.)Y

3. No axial temperature gradient.

Since these conditions cannot be met precisely in the test, a study
was made to determine the effect of altering the rate of temperature drop
during the shock, of a temperature undershoot below 800°F at the end of
the shock, of a pressure drop during the shock, and of an axial tempera-
ture gradient during the shock. W

The axial temperature gradient was simulated by introducing a pure
time delay into the coolant temperature at locations downstream from the
entrance to the test section. The coolant temperature T (°F) at time t

(sec) at a location z (in.) downstream from the entrance was taken to be:

1100 for t < z/lS 5
T = { 1100 — 30 (t — z/15) for z/15 < t < 10 + z/15 ,
800 for 10 + z/15 < t .

This results in an axial coolant temperature gradient of 2°F/in. during
the shock. Axial heat conduction in the pipe wall was ignored. The re-
sults of the sensitivity study are shown in Table 4.1.

The effect of a temperature undershoot in particular appeared to be
excessive, so a further investigation was made. For the calculation re-
ported above, the coolant temperature was dropped from 1100°F to 750°F
at a constant rate of 30°F/sec, held at 750°F until the wall temperature
equalized, and then very slowly reheated to 800°F. The coolant tempera-
ture undershoot which could actually occur in the test is somewhat less
severe and is given in Table 4.2,

Pipe ratchetting calculations were repeated for the coolant tempera-
ture transient prescribed in Table L.2. The results are summarized in
Table 4,3. These deviations from the reference conditions are considered
acceptable;

These sensitivity calculations indicate that the possible deviations
from the reference conditions do not result in excessive variations in
the axial and circumferential strains to be measured. After the ratchet-
ting test is performed, the actual conditions will, of course, be known,

and they can be factored into the final structural analysis of the specimen.



Table L,1,

4

Study of percentage effects due to

deviations from reference thermal transient cycle

Variation in outside

Variation in

Condition circumferential strain axial strain
| (%) (%)
1. Raising the shock rate
to 32°F/sec
1st cycle 3 3
ond cycle 3 Ly
2. A 50°F undershoot (to
750°F) in downshock at
30°F/ sec ,
1st cycle 10 13
- 2nd cycle 8 12
3. A 50-psi pressure drop
throughout transient
1st cycle' -5 0
2nd cycle —10 -5
L., A 2°F/in. axial temperature
gradient during the shock -
lst cycle -1 -3
ond cycle -2 ~k
Table 4.2, Possible coolant temperature

transient undershoot in test

Time Temperature
(sec) (°F)
0 1100
10 800
11 772
12 756
13 750
1L 751
15 7
.16 76k
30 800
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Table 4.3. Study of the percentage effects of
replacing the reference shock by the coolant
temperature anticipated in the test

Variation in outside Variation in
circumferential strain axial strain
(%) o (P)
1lst cycle +6 +8
2nd cycle +5 +7

4.3,2. Teledyne analysis of ORNL ratchetting test
specimen using ANSYS computer program (T. R. Branca,
J. L. McLean, Teledyne Materials Research Co.)

As a part of the TMR ratchetting study (see Chapter 7 of this report)
the ANSYS computer program was used to perform a preliminary analysis of
the first ORNL pipe thermal ratchetting test specimen. The analysis was
preliminary in that the creep equation and the stress-strain curves used
to describe the material behavior were very preliminary. They do, how-
ever, describe reasonably well the expected behavior of the pipe ratchet;
ting specimen material. Tests of specimens taken from the actual pipe
will be used to better establish the behavior.

The ratchetting specimen is 8.44 in. outside diameter with a 0.375
in. wall. The reference test conditions are:

a normal temperature and pressure of 1100°F and 700 psi, respectively,
2. a downshock in the sodium of 30°F/sec for 10 sec,
a hold period at 800°F during which the pressure is removed and then
reapplied,
L. a gradual heating (50°F/hr) to 1100°F, and finally,
5. a 500-hr hold period at 1100°F and 700 psi.

The cycle is then repeated.

The finite element model is the same one as depicted in Fig. 7.1
(Chapter 7 of this report). It consisted of 16 quadrilateral axisymmetric
elements through the pipe thickness, Generalized plane strain was assumed.

The heat transfer coefficient furnished by ORNL for the inner surface

was 34 Btu/hr—in.E—OF. The outer surface was assumed to be insulated.
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Other properties used in the analysis are given in Table L4.4. The stress-
strain data used were based on ORNL tests on rod material from the refer-
ence heat of 30L stainless steel and are tabulated in Table L4.5.

Finally, the creep law used was provided by ORNL in a strain-harden-

ing form available on ANSYS at the time. The equation is

de Cs Cy4 Cz
af— =Cy, 0 € Cs o,
where
C; = 9.2878 x 107'3,
Cs = 5.6415,
Cs = —0.80082,
Cs = 1.9090 X 10~*%,
C7 = 6.524k4,
with
€, = total creep strain (in./in.),
g = stress measured in ksi,
t = time in hours.

The results are typified by the computer plots shown in Figs. L.3
and 4.4, TFigure 4.3 shows the circumferential stress-strain history for
the outside element for five test cycles. The initial downshock begins
at point O where the 700 psi pressure is acting at 1100°F. The 500-hr
hold period after the thermal shock is shown for 1/ to 1 for cycle 1, and
from 2/ to 2 for cycle 2, etc. The elastic downspike immediately proceed-
ing the hold period represents the pressure removal at 800°F.

The circumferential stress-strain history for the inside element is
shown in Fig. 4.4. Again, the initial thermal downshock begins at point
0, and the behavior during the hold periods 1s represented by 1/-1, 2/-2,
etec. The upper tips of the loops represent the stress-strain state after
approximately 10 seconds (at about the time the sodium temperature reaches
800°F). As the wall temperature evens out to 800°F, the inside undergoes
elastic unloading and then yielding in compression. The pressure unload-
ing, which produces further yielding in compression, begins just before
the lower tips are reached, and reloading occurs beginning at the lower

tips.



Table 4.4, Properties assumed for 304 stainless steel

Inétantaneous

Temperature Mbdul?s.of coefficient of - Poisson's Ther@a} Specific Density
(°F) ‘ela?tl?lty ' thermal expansion ratio conducﬁ%V1?¥ heat_o» (1p/in.®)
psi) (in./in,-°F) (Btu/hr-in,-°F) (Btu/1b-°F)
600 25.4 x 10° 10.43 x 107° 0.30 0.8558 0.128 0.285
700 - 2h.8 x 10° 10.66 x 107° 0.30 0.9250 0.130 0.285
800 24,1 x 10° 10.90 x 10~° 0.30 0.9625 0.132 0.284
900 - 23.3 x 10° 11.09 x 107° 0.30 0.9917 0.134 0.283
1000 22.5 x 10° 11.28 x 107° 0.30 1.0350 0.137 0.282
1100 21.7 x 10° 11.47 x 107° 0.30 1.0750 0.139 0.281
1200 20.9 X 10° 11.65 x 10-° 1.1083 0.141 0.280 -

0.30

T
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Table 4.5. Stress-strain input for ANSYS solution
of ORNL ratchet case

Strain (in./in.)

Tempsrature
(°F) 0.000392 0.001 0.002 0.006 0.03
Stress (psi)
600 9956 1L, 200 16, 600 20,300 27, 700
800 olh7 13,100 15,300 18,900 26, 400
1000 8820 11,700 13,900 17,500 25, 200
1100 8506 11,000 13,300 16,900 2k, 500
1200 8193 10,300 12,700 16,300 23,200

The predicted circumferential and axial strains in the outside ele-
ment are summarized in Table 4.6. These quantities are near those that
we would expect to measure on the outside surface,

The predicted incremental circumferential strains accumulated during
the 500-hr hold periods are, from Table 4.6, 151, 108, 85, 72, and 63
uin./in. for the first through fifth cycles, respectively. Preliminary

Table L4.6. Predicted circumferential and axial strains
in outer element at beginning and end of 500-hr
hold period at 700 psi and 1100°F

Strain at start of 500 hr Strain at end of 500 hr
Cycle No. (win./in,) (pin./in.)

Circumferential Axial Circumferential Axial

1 6U45 796 2l

2 929 1037 266

3 1110 1195 267

i 1249 1321 264

5 136L lhot 258
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values, considerably larger than these, were previously reported.14 These
early values were based on preliminary design analyses using materials
data from a different heat of 304 stainless steel. Additional analyses
will be performed as more data and better representations of the data be-

come available.

4.4, A Preliminary Analysis of Three Uniaxial
Ratchetting Tests — PVRC Sponsored
Testing at Mar-Test, Inc.

W. K. Sartory
C. E. Pugh

L,Lk,1, Test definition

The Pressure Vessel Research Committee, through the Plastic Fatigue
Strength Subcommittee to the Fabrication Division, is sponsoring a testing
effort at Mar-Test, Inc. The tests simultaneously employ two uniaxial
specimens in two testing machines whose controls are coupled so that the
system represents the behavior of a classical three-bar ratchetting model. >
Figure 4.5 shows the two-specimen arrangement. The system is controlled
in a manner such that a conStanﬁ total load P is carried by the two speci-
mens and such that the total axial strain is the same in each specimen.

In addition to carrying the load, each sPecimeh is subjected to a thermal
history and the reSulting deformations are followed, The basic type of
thermal history of interest is shown in Fig. L.6.

Reference 16 tentatively recoﬁmended three tests for the TVRC spon-
sored testing at Mar-Test, Inc. These tésts are outlined in Table L.7 and
are to utilize specimens from the-ORNL reference heat (9T2796) of type
304 stainless steel. In order to give better insight‘into the expected
behavior of these specimens, preliminary elastic-plastic-creep analyses
were performed for a total of six different cases of each test. The re-
sults of these analyses will be fetained for cdmparison with the experi-

mental results when they become available.
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Table 4.7.

Tentative specification test requirements

e Test No.
Parameter
1 2 3

(1) Specimen gage diameter (in.)

Large 0.375 0.375 10.375

Small 0.200 0.200 0.278
(2) Total -applied axial force, 60% 60% 30%

% yield stress -

(3) Test parameters per cycle (a) (b) (c) (a) (b) (c) (a) () (e)

(a) Upper temperature,
(b) Lower temperature,
(c) Hold time

Cycle 1
Cycle 2
Cycle 3
Cycle 4
Cycle 5
Cycle 6
Cycle 7
Cycle 8
Cycle 9
Cycle 10
Cycle 11
Cycle 12

Cycle 13

1100°F,
1100°F,
1100°F,
1100°F,
1100°F,
1100°F,
1100°F,
1200°F,
1200°F,
1200°F,
1200°F,
1200°F,
1200°F,

900°F, 5 min
900°F, 5 min
900°F, 5 min
900°F, 5 min
900°F, 1 hr
900°F, 1 hr
900°F, 16 hr
1000°F, 5 min
1000°F, 5 min
1000°F, 5 min
1000°F, 1 hr
1000°F, 1 hr
1000°F, 8 hr

1100°F, 900°F,
1100°F, 900°F,
1100°F, 900°F,
1100°F, 900°F,
1100°F, 900°F,
1100°F, 900°F,
1100°F, 900°F,
1100°F, 900°F,

day
day
day
day
day

week

T T S S R S S

week

1200°F, 800°F, 8 hr
1200°F, 800°F, 8 hr
1200°F,
1200°F,
1200°F, 800°F, 8 hr
1200°F,
1200°F,
1200°F,

800°F, 8 hr
800°F, 8 nr

800°F, L days
800°F, L days
800°F, k4 hr

61
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b h.2, Analyses of tests

The analyses were based on the limited material properties informa-
tion currently available on the ORNL reference material. The guidelines
given in Ref., 17 and discussed in Ref. 18 were generally followed. Five
of the six cases analyzed were based on initial yield stress information
pertinent to specimens taken from plates of the ORNL material and the
other one case on information from rod material. Since the information
currently available on this material is very limited, the properties used
in this study must be considered to be unrefined and uncertain represen-~
tations. For example, the creep law, which relates axial creep strain to
uniaxial stress and temperature for constaht uniaxial stress conditions,
used throughout this study is an adjusted version of that given in the

LMFBR Materials Handbook'® for type 304 stainless steel. The creep law

coefficients are adjusted to provide general agreement with the creep data
now available for the ORNL reference material at 1100°F.

The six cases considered are listed below.

Case I. This case utilizes properties associated with plate material and
makes use of the cyclic hardening rule. Except for the load P applied to
the system which is lO% more than indicated, the tests are identical to

those in Table L4.7.

Case II. The difference between Case II and Case I is that the load P
applied to Case II is that given in Table L4.7.

Case TII. Cyclic hardening is omitted from Case III; otherwise it is the

same as Case II,

Case IV. This case is the same as Case II, except that the yield prop-

erties used are those associated with rod material.

Case V. This case is the same as Case I except that the load P applied

to the system is 20% more than indicated in Table h.7.

Case VI. This is identical to Case V except that the temperature changes
here are also 20% greater than given in Table 4.7. (The hold-time tem-

peratures remain unchanged.)
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As noted earlier, the purpose of these analyses was to provide added
’assistance in developing a feeling for the amount of deformation that can
be expected for various cycles and tests., Such information gives an added
basis for assessing required measurement and control accuracies that need
to be employed in the conduct of the tests.

The PVRC test recommendations have been revised from that shown in
Table 4.7, in part, onbthe bagis of the results of these analyses. The
revision made is to increase the total load carried by the system to 1.20

times that shown in Table L.7.

5. STRUCTURAL TESTS

J., M. Corum

5.1. Elasgtic~Plastic-Creep Beam Tests

J, M, Corum
M. Richardson

The second elevated temperature beam test (beam BU4) was completed.
The test temperature was 1200°F, and the load;ng history consisted of a
short-time cyclic loading, a step-loading creep test period, and finally
a second, post-creep, short-time cyclic loading. Like the previous ele=-
evated temperature test (beam B3), beam B4 was machined from the prelimi-
nary heat of type 304 stainless steel (heat 80L3813). Creep data, devel-
oped for this material at 1200°F, are available, as are cyclic stress-
strain curves obtained at 1200°F. Thus the experimental data from beams
B3 and BY4 together with the material properties data developed for this
heat of material provide the analyst with a means for performing a check

on his inelastic analysis procedures.*

*As mentioned in the two previous chapters, the creep equation that
was given-in the previous progress reportZO provides a good description
of the creep data for stress levels of 12,500 psi and above. It does
not adequately describe the lower stress short-time creep data that are
of most interest for analyzing beam tests B3 and Bh4 and should not be
used for analyzing these beams. Additional low stress creep data are
now available, and a modified equation, more suitable for beam analyses,
is being develdped.
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The test of beam BY completed the initial series of beam tests, which
was designed to check out the test facility and to provide some structural
test data for the preliminary heat of material. Following the test of
beam BlY, the beam test facility was modified to improve both the tempera-
ture control and the cyclic load control. We are now ready to begin a new
series of elevated temperature tests using beams from the reference heat
of 304 stainless steel (heat 9T2796). The initial two tests in this new
series will be conducted at a temperature of 1100°F, and the loading his-

tories will essentially duplicate those used for beams B3 and Blh.

5.1.1, Elastic-plastic-creep test of beam B4 at 1200°F

Beam BUY was simply supported and center loaded. It had a height of
2 in., a nominal width of 1 in. (the actual measured width was 0.967 in.),
and a length, between supports, of 24 in. The total length was 26 in.
The loading sequence used for the test was:
1. ten short-time load cycles between nominal limits of #1900 1b,
constant load creep test, 1900 1lb for 312 hr,
step increase in load to 2250 1b, and then held constant for 312 hr,
step decrease in load to —1900 1b, held constant for 332 hr,

(O = VS B \V]

removal of load followed by 12 short-time load cycles between nominal
limits of #1900 1lb.
The loading rate for all step-load changes and for the short-time cyclic
loading was controlled to maintain a near-constant beam center deflection
rate of 0.2 in./min. This latter value corresponds approximately to a
maximum strain rate (calculated on an elastic basis) of O.OO5/min.~ Except
for the initial short-time load cycles, which beam B3 did not have, the
load history for beam BlY essentially duplicated that for beam B3. The
test results for beam B3 were described in the previous quarterly report.zo
In addition to quartz rods, which were attached to the beam midsurface,
for measuring lateral deflection, and Microdot weldable strain gages, which
were used primarily for gage evaluation purposes, beam BL was instrumented
with ten thermocouples, located on the top and bottom surfaces, within the
middle 16 in. of the span. These thermocouples were located near the cen-
ter Of the beam, L4 in, from the center, and 8 in. from the center. These

locations are the same as those at which deflection measurements were made.



23

The thermocouples used were sheathed Chromel-alumel, l/l6-in.-diam X 2h-
in. long, and were individually calibrated before and after the beam test.
The measured temperature range, over the middle 16 in. of the beam, is
shown plotted in Fig., 5.1 for various times during the test. Generally,
the measured temperatures over the beam surface differed by 10°F or less
at any given time throughout the 956-hr test. However, the mean tempera-
ture varied somewhat from 1200°F over the duration of the testj The trend
in the variation that is depicted in Fig. 5.1 was also exhibited by beam
B3, and is related to the relative position of the beam to the heaters
during the test. Modifications, which will be described later, have been
made to the heating system to correct this mean-temperature variation.
The measured maximum and minimum loads for each of the ten short-
time load cycles to which beam BL4 was subjected prior to the creep test
are tabulated in Table 5.1. The numbers in parentheses in the table are
the percentages that the actual loads were over, or under, the specified
load levels of #1900 1b. The beam behavior during the precreep cyclic
test is typified by the cyclic deflections at the center of the beam, as
shown in Fig. 5.2. The amount of plastic work hardening that rapidly oc-

curs is apparent from the decreased loop width in going from the first to

Table 5.1. Maximum and minimum measured loads
in precreep cyclic test on beam BL

Cycle 3max min

(1b) (1b)

1 1970 (3.7)%  —1900 (0)
2 1925 (1.3) —1960 (3.2)
3 1935 (1.8) ~1930 (1.6)
L 1935 (1.8) -1925 (1.3)
5 1935 (1.8) -1925 (1.3)
6 1920 (1.1) —1965 (3.4)
7 1930 (1.6) -1915 (0.8)
8 19ho (2.1) -1950 (2.6)
9 1925 (1.3) ~1890 (-0.5)
10 1940 (2.1) -1925 (1.3)

SNumbers in parentheses denote the per-
centage that the measured load was over, or
under, the specified levels of #1900 lb.
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the second cycle. Further hardening occurs in subsequent cycles, but by
the eighth or ninth cycle the loops become fairly stable. Note that the
hardening has produced a plastic ratchettiﬁg in the positive deflection
direction. The initial loading deflection of 0.065 in., at 1900 1b agrees
reasonably well with the initial loading deflection of 0.071 in. measured
for beam B3,

The measured creep deflections for beam BlY are shown as a function
of time in Figs. 5.3, 5.4, and 5.5. The data shown are dial-gage read-
ings., Also shown in these figures are the 'instantaneous' elastic plus
plastic deflections obtained at each load change (0 to 1900 1b, 1900 to
2250 1b, 2250 to —1900 1b, and —1900 1b to zero load).* The two sets of
dial-gage data shown in Figs. 5.4 and 5.5 are from symmetrically located
gages on either side of the beam centerline. These gages exhibited close
agreement throughout the test.

The creep response curves shown in Figs., 5.3, 5.4, and 5.5 agree
relatively closely with the creep response curves presented previously
for beam B3 (Ref. 20). Thus, it appears that despite the fact that con-
siderable plastic hardening occurred during the precreep cyclic test
period, this hardening had little effect on the subsequent creep behavior.

Following the creep portion of the test, beam BY was subjected to 12
postcreep short-time load cycles between nominal load levels of #1900 1b,
The measured maximum and minimum loads for each of these postcreep cycles
are tabulated in Table 5.2. The postcreep cyclic beam behavior is typified
by the cyclic deflections at the center of the beam, as shown in Fig. 5.6.
Two significant observations can be made from Fig. 5.6. First, the loops
are relatively stable in shape, considering the varying peak load levels,
and they are somewhat narrower in width than the latter-cycle loops in
the precreep cyclic loading (see Fig. 5.2). This indicates that some ad-
ditional hardening due to creep has occurred. The second observation is
that there is a progressive plastic ratchetting in the negative deflection

direction. This may or may not be a true characteristic of the structural

*The creep test was begun immediately at the end of the precreep
cyclic test., Thus dial-gage readings were not obtained immediately be-
fore the initial 1900-1b load was applied. The initial instantaneous
deflection values shown are from LVDT data.
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Table 5.,2. Maximum and minimum measured loads
in postereep cyclic test on beam Bh

Cycle max min
(1p) (1p)
1 2020 (6.3)%  —2075 (9.2)
2 1910 (0.5) —19Lk0 (2.1)
3 1965 (3.4) —2070 (8.9)
L4 1935 (1.8) -1915 (0.8)
5 1925 (1.3) ~1935 (1.8)
6 1935 (1.8) —2010 (5.8)
7 1890 (—0.5) —2005 (5.5)
8 1935 (1.8) —1910 (0.5)
9 1935 (1.8) -1920 (1.1)
10 2090 (10.0) —1945 (2.4)
11 1955 (2.9) —2135 (12.4)
12 1915 (0.8) —1535 (—19.2)

*Numbers in parentheses denote the per-
centage that the measured load was over, or
under, the specified levels of #1900 1b,

behavior of the beam. If it is, we might reason that the behavior is the
result of some sort of difference in hardening that has been accumulated
in the positive and negative portions of the loading cycle. On the other
hand, we have observed that our control was a little more sluggish in the
negative part of the load cycle than in the positive part. In other words,
slightly more time was expended in reversing the deflection rate at the
lower end of the cycle than at the upper end. This could possibly result
in some additional time-dependent deflection being accumulated in the
negative portion of the cycle relative to that accumulated in the positive
portion.* In any event, more test data will be necessary before too much
significance can be placed on the observed differences., Modifications
that have been made to the control system will provide identical control

of positive and negative loadings in future beam tests.

*A counterpoint is that the same time delay in changing the deflec-
tion rate was observed in previous cyclic tests, but an effect on the
cyclic curves was not apparent.
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5.1.2. Cyclic stress-strain data at 1200°F
for analyzing beams B3 and BL

As reported previously, we made arrangements with Southern Research
Institute in Birmingham, Alabama, to perform a number of uniaxial cyclic
stress-strain tests on both the preliminary heat and the reference heat
of type 304 stainless steel. These curves will be used for analyzing the
various structures, including beams, that are being tested as a part of
the ORNL High-Temperature Design Methods Program. The test matrix for the
preliminary heat (beams B3 and BL) was given in the previous progress re-

£, %0 Preliminary results from three tests performed at the standard

por
strain rate of 0.00E/min and a total strain range of 2% have been obtained
from SRI and are presented here. These results are the basis for the
stress-strain data which should be used for analyzing the elastic-plastic
behavior of beams B3 and Bl4. The specimens were taken from the same plate
as were the beams, and the pretest heat treatment used for the specimens
was essentially the same as used for the beams.

A typical cyclic stress-strain curve is shown in Fig. 5.7. An optical
extensometer in the axial direction was used for both measurement and con-
trol in the SRI tests. The strain control was much closer to *1% than is
indicated in Fig. 5.7. This is because the actual loop tips were slightly
rounded due to the time delay required for reversing the strain rate. In
drawing the final curves, the straight-line portions of the unloading
curves were extrapolated back to the loading curves to obtain the sharp
tips shown.

To perform analyses in accordance with the procedures for inelastic
analyses that have been recommended by ORNL,Z! the initial loading curve
and the tenth cycle curve are required. These are shown in Fig. 5.8 for
the three duplicate SRI tests. A single representative initial loading
and tenth cycle stress-strain curve obtained from these SRI results is
shown in Fig. 5.9. The bilinear equivalent curves, which were obtained

2l agre also shown. The stress-

in accordance with previous recommendations,
strain curves in Fig. 5.9 should be used in elastic-plastic analyses of

beams B3 and Bl.,
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5.1.3., Beam test facility modifications

Following the test of beam BY, four significant modifications were
made to the beam test facility. Two of these improvements were aimed at
obtaining better temperature control, both over the beam surface and with
time. The 1mportance of very close temperature control is emphasized by
the fact that a temperature variation of just 10°F at 1200°F can produce
a 20 to 2L% change in total creep strain (at the end of 300 hours) for
Sfress>levels ranging from 12,000 psi to 8,000 psi.* These are the stress
levels at‘which beams B3 and BL were tested.

The furnace heater mounts were modified to permit small manual ad-
juetments to be remotely made to the heater positions throughout a test.
This will help to eliminate the temperature variation with time as well
as over the beam surface. Secondly, since future beam tests on the refer-
ence material will be conducted at 1100°F and below, the upper limit of
the temperature controller range has been reduced from 2000°F to 1200°F.
This will provide tighter control at 1100°F.

The third change was in the load control system, which has now been
modified by the addition of a servo-~valve in the hydraulic system that
supplies oil to and from the double-acting hydraulic loading ram. This
servo-amplifierecontrolled valve is used in conjunction with a function
generator to apply cyclic loadings, or deflections, with a variety of wave
shapes. The modified system has been checked out and provides excellent
control. For the next tWo high-temperature beam tests, beams BS and B6,

a sinusoidal load waveform'will be used for the short-time cyclic loadings
and load changes. The period of the sine wave will be 2 minutes and will
produce strain rates in the beam of the order of 0.005/min.

Finally, the LVDT's used in the previous beam tests have been replaced
with DCDT's. These direct current devices contain built-in amplifiers,
thus eliminating the need for an external carrier amplifier system with
its attendant drift problenms.

Testing of beam B5 will begin early in May, and the beam B6 test is
scheduled to begin in mid-June. Details of future tests will depend, in

part, upon the results from these first two reference heat beams.

*These numbers are based on the creep equations for type 304 stain-
less steel currently given in the LMFBR Materials Handbook.
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5.2. Pipe Thermal Ratchetting Tests

A. G. Grindell
H. C. Young

The Quality Assurance Program Plan®? for the Thermal Transient Test
Facility®® was completed. The mechanical and structural and the thermal
hydraulic studies portions of the design are approximately 80% complete.

Two modifications were made to the layout which will (1) permit possi-
ble installation of another flow path parallel to the present path to
accommodate a second test piece, and (2) provide for the near-isothermal
operation of the sodium flow control valve during thermal transient opera-
tion of the facility. As indicated in Fig. 5.10, the source and storage
tanks and the piping (pipe nest) needed for the temperature-graded sodium
would be common to both test pieces. However, each test piece would re-
quire separate sodium control valves, orifice runs, and thermal capaci-
tance tanks. Presently two capped tees are provided to accommodate a
future installation of a second flow path.

Conceptual schemes to eliminate or reduce the thermal shock to the
sodium flow control valve during the thermal transient were studied., The
sodium freeze valve was rejected because of the difficulties associated
with timing the quick release of the sodium at the initiation of the ther-
mal transient and with stopping the flowing sodium in positive fashion at
the termination of the transient. It was decided to install a thermal
capacitance tank just upstream of the sodium valve. This tank will con-
tain a sufficiently large volume of sodium at control valve temperature
to permit performing the thermal transient operation with the valve practi-
cally isothermal, The tank will be approximately 1~ft in diameter, ap-
proximately 15 ft long, and will be filled with stainless steel Raschig
rings. With this arrangement, there will be very little mixing with the
ingressing thermal transient sodium, and the long slender tank will dis-
charge nearly isothermal stored sodium to the flow control valve.

Originally, we had planned to reduce the sodium pressure®* after each
thermal transient to aid making strain measurements of the test piece and
to permit recharging the source tank with sodium from the storage tank.

Although we still plan to reduce sodium pressure at least during initial
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ratchetting tests, we are preparing to install a batch tank which will
permit recharging the source tank without reducing the sodium pressure
in the test piece.

Although the mechanical design of the pipe nest is complete, the
method of controlling the temperature gradient of the sodium in the pipe
nest is still under study. Starting with sodium at 800°F in the source
tank, the temperature will decrease to TLW’F at the rate of 2°F per ft in
a 28-ft pipe run. It will rise to 1024°F at the rate of 7°F per ft in a
LO-ft pipe run, and finally it will reach 1100°F at the rate of L°F per
ft in a pipe run of 20 ft.* Prior to modifying the existing sodium test
facility, a portion of the existing facility will be used in a test to
obtain design information on the heater length, controls, and temperature
instrumentation requirements to attain the specified thermal gradients.

The design of the orifice run is essentially complete. It will con-
gist of five orifices, each about 3/M in. in diameter, installed in 2 1/2-
in,-diam pipe approximately 10 ft long and located just downstream of the
test piece.*

A 1list of all the stainless steel requirements for the facility was
compiled, and plans for obtalining the material in advance of the issuance
of formal drawings are being formulated.

The test pieces will be made from piping which was fabricated from
the reference heat of 30L stainless steel material. Because of surface
roughness, the original hot-rolled piping could not be ultrasonically in-
spected and was, therefore, not truly RDT material. Consequently, a

quality assurance procedure was prepared to upgrade the machined pipe

specimens to RDT standard M3-3T.

*These data are based on the test conditions for the initial pipe
ratchetting test: a downshock of 30°F/sec for 10 sec with an internal
pressure of 700 psi.25
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5.3+ Weldment Creep-Rupture Studies

W. J. McAfee
M. Richardson

5.3.,1. Results of creep-rupture tests

Only one specimen was tested to completion during this reporting
period, sPecimen no, 2A. One of the main purposes of this test was to
gather further information on the behavior of an unwelded flat head to
cylinder junction. It was decided that failed specimen no. 2 could be
used as the vehicle for this test by simply replacing the ruptured lower
half of the specimen with a new componeént and continuing the test.

This specimen no. 2A failed after 88 hours at pressure and tempera-
ture. The failure, as shown in Fig. 5.11, was similar to that of speci-
men no. 2, that is, a separation of flat head and cylinder. Since there
was no possibility of interaction between the core and specimen in this
test, and since the total test time was comparable, considering normal
data scatter, to that of specimen no. 2, it was felt that the results of
specimen no. 2 could be considered valid.

A preliminary comparison of some of the results obtained to date is
shown in Fig. 5.12, Specimen nos. 1 and 3, as discussed previously, Z°
failed by a longitudinal rupture in the cylinder. The data points for
bar and plate material are uniaxial creep rupture data as reported iﬁ
Chapter 6 of Ref. 26. The data for the weldment creep-rupture specimens
(WCR) are based on the effective von Mises stress in the membrane section
of the cylinder. All specimens, uniaxial and biaxial, underwent similar
heat treatment prior to testing.

Postmortem dimensional inspection of specimen nos. 1 and 2 has been
completed. The results for specimen no. 2 are shown in Fig. 5.13 where
the average circumferential strain in the cylindrical section of the speci-
men is indicated. The strain curve is shown up to the point of rupture.
The head was badly distorted and has not yet been inspected. The weld
region underwent much less circumferential strain (~1/2%) than the base
metal (2-3%). Note also that the scatterband for the data in the weld is
generally slightly larger than that in the base metal. This is probably

caused to some degree by the anisotropy associated with welds.



Fig. 5.11.
and core,

End view of specimen no. 2A showing rupture opening

0L
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The deformation behavior of specimen no. 1 is shown in Fig. 5.1k,
For the cylindrical portion of the specimen, change in radius versus gage
length is shown for each of the six radii measured. These six radii and
the nomenclature used are also indicated on the figure. Where the data
lines are shown as interrupted, dimensional measurements could not be
made due to the ruptured area of the specimen. The rupture opening was
between the C and D radii being generally about 10° off the C radius.
The head deformation is shown as the average change in head height versus
head radius, This was done because the head deformation was symmetrical,
and the average data well represented the head profile. Specimen strains
have not been calculated awaiting a complete evaluation of the data ob-

tained.

5.3.2. Description of weld used in WCR tests

The weld type used in the first generation of WCR specimens was
chosen to be representative of current (current at time of program ini-
tiation) thinking for FFTF pipe welds. It was thought that for type 304
stainless steel pipe type 308 stainless steel alloy weld rod and inert
gas tungsten-arc welding would be used. The exact weld rod, that is, the
additive elements or coatings, had not been decided upon at the time of
finalization of WCR specimen design. It was thus decided to use the best
30L-308 stainless weld available for the first generation of these speci-
mens. The weld specification chosen was ORNL Welding Procedure Specifi-
cation WPS-302 which, for the weld geometries used, is qualified to RDT
F6-5 and is for the TIG welding process. These specifications require
dye-penetrant and 100% radiographic inspection.

The weld geometry is of two types as shown in Fig. 5.15. The single-
U geometry was used for only one weld, the plug to head weld of WCR speci-
men no. 3. The single-~V geometry was used for all other welds including
the specimen to cap closure weld.

Bach specimen component, except core and closure cap, was annealed,
using the reference anneal, prior to welding. No postwelding heat treat-
ment was conducted as per present plans for FFIF pipe welds. However, the

specimens were held at 1100°F (nominal) for approximately 24 hours prior
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to load application. This was required to allow the specimen to fully
reach thermal equilibrium and for the furnace temperature to stabilize,
For the second generation of WCR specimens, a reevaluation of weld
type was made based on present knowledge of FFIF weld specifications.
This review was in the form of discussions with personnel in the ORNL
Metals and Ceramics Division who are currently involved in weld evaluation
studies., The decision was made to use the same 304-308 stainless weld
for the second generation of WCR specimens as was used for the first.
This will allow more continuity between test series. In addition, MXC
Division is to provide further support in the form of test welds on flat
plate using the same process and heat of 308 weld rod as is being used
for the WCR specimens. These test welds will be characterized (time-
independent and short-term time-dependent mechanical properties, metal-
lography, etc.) thus generating some data for elastic-plastic-~creep analy-
ses of welded specimen behavior as well as some additional baseline data
for M&C Division's programs in weld evaluation. The welding of this
second generation of specimens will be coordinated by M&C personnel,
Presently, the specimens are in the machine shop in various stages of

completion.

6. MATERTAL INVESTIGATIONS

R. W, Swindeman

6.1. Material Characterization

The short-time evaluation of the 5/8-in,-diam bar product of the
reference heat of type 304 stainless steel (heat 9T2796) has been nearly
completed. The comparison of ORNL chemistry for this material with the
vendor ladle analysis and two other product forms is shown in Table 6.1,

The carbon level determined at ORNL for the 5/8—in‘-diam bar was more in
line with the ladle analysis than was the 0,059% value reported by the
vendor based on a check analysis.Z’ The tensile properties before and
after the standard 2000°F reannealing treatment were presented previously.28

Some of these data are reported again in Table 6.2. The purpose is to



Table 6.1. Chemistry for type 30L4 stainless steel heat 9T2796
Flement Z:gi:r ORNL AST%_;Egciiiiation

1-in. plate 1-in. bar 5/8-in. bar » AHTO

Carbon 0.048 0.051 0.048 0.0k7 0.0Lk to 0.06

Manganese 1.22 1.37 1.34 1.22 2.00 max

Phosphorous 0.028 0.0k 0.039 0.029 0.0L45 max

Sulfur 0.015 0.012 0.03 max

Silicon 0.48 0.k4o 0.50 0.kt 1.00 max

Chromium 18.60 18.50 18.60 18.50 18 to 20

Nickel 2.70 9.87 10.1 9.58 8 to 12

Cobalt 0.18 0.10 0.10.

Molybdenum 0.32 0.30 0.30

Columbium 0.003 0.002 0.002

Titanium 0.010

Boron

Copper 0.24 0.20 0.20

Nitrogen 0.31 0.030 0.031

NOTE: All data weight %.

oL



Table 6.2. Effect of heat treatment on the room temperature tensile
properties-and grain size of type 304 stainless steel heat 9T2796

Ultimate

Specimen Product Condition® 0.2% yield tensile Eioigggi;mb, Riguziizn ASTM grain

no. form (ksi) stre?gth <%) (%) slze number
(ksi)

RP36 Plate A240 29.8 82.0 8L 80.9 1-3
RP51 Plate A240 33.1 83.3 8L 85.9 1-3
RPL2 Plate 1800 annealed 26.6 8L.6 86 81.7 1-3
RPLL Plate 1900 annealed 28.0 83.6 90 81.7 1-3
RPL6 Plate 1950 annealed 26.8 83.6 92 83.4 1-3
RPLO Plate 2000 annealed 27.0 84.2 91 77.9 1-3
RP37 Plate 2000 annealed  25.6 80.2 90 78.5 1-3
RRY 1-in. bar AL79 31.3 83.6 85 82.0 1-5
RR14 1-in. bar 2000 annealed 26.2 1-5
RR20 5/8-in. bar  ALT9 43.6 91.4 7 83.0 3-5
RRLB 5/8-in. bar 1850 annealed 32.5 88.0 2-4
RR21 5/8-in. bar 2000 annealed  28.8 86.8 85 8k.0 1-3

%ot rolled and pickled for A240 and A479 condition.

bNominal strain rate was 0.05 min™",

1
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show the influence of the reannealing temperature. No detectable change
in the grain size of the 1-in, plate was noted for reanneals in the tem-
perature range from 1800 to 2000°F, The grain size, already coarse, re-
mained the same., Photomicrographs are shown in Figs. 6.1(A) and 6.1(B)
for the A-240 and reannealed conditions. On the other hand, some loss in
the yield strength was observed after reannealing, and we feel that this
loss was due to the elimination of slight cold work.

The l-in.-diam bar in the A-479 condition exhibited a mixed grain
size. OSome areas were as fine as ASTM No. 5, while other areas were as
coarse as No. 1. Even after reannealing we found some relatively fine-
grained areas. The tensile yield data for the l-in.-diam bar were very
similar to data obtained on plate for both the A-L79 and the reannealed
conditions.

The 5/8—in,-diam bar, in the A-479 condition, was fine-grained and
quite strong. This was probably due to a large amount of cold work in
addition to the fine-grain size. Reannealing at 1850°F eliminated all
traces of cold work and increased the grain size. The standard 2000°F
reanneal produced a further increase in grain size and a corresponding
drop in yield strength.

For the most part, the microstructures for all three product forms
were fairly clean, Although it is not evident in Figs. 6.1(A) and 6.1(B),
the 1l-in, plate showed minor compositional variation in the thickness
direction. This conclusion was based on the response to etching. String-
ers of slag and delta-ferrite were observed also in the plane perpendicular
to the thickness, All of the above observations are probably typical of
type 304 stainless steel plate.

Although the creep behavior of bar and plate is discussed in Section
6.2, the rupture studies to 1000 hr fall within the scope of characteriza-
tion. A data summary is contained in Fig. 6.2, The rupture strength of
the bar and plate was remarkably similar. Included in the figure are
curves drawn through the minimum eXpected rupture strengths for type 304
stainless steel, These data were obtained from Table 16 of the ASME Pres-
sure Vessel Code Case 1331-5. The reference heat (9T2796) exceeds the
minimum expected strength, but not by much. In Figs. 6.3 and 6.4, com-

parisons of the rupture lives at 35 and 30 ksi are made for a number of
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heats of type 304 stainless steel in two thermo-mechanical conditions and
at 1100°F. These data have been generated at ORNL under another program.29
The reference heat, 972796, was again among the weakest. Possibly, poor
ductility contributes to this. The material tended to go into third stage
creep quite early and fractured at a low strain relative to a strong heat
such as the preliminary heat (8043813). In Fig. 6.5, we compare the duc-
tilities of these two heats at 1000, 1100, and 1200°F. Although not rele-
vant to IMFBR conditions, the ductility of heat 9T2796 at temperatures in
excess of 1200°F was quite good. We also saw anisotropy in the plate
product form. The deformation in the width direction of the plate was
consistently less than that in thickness direction. ©Stated in another

way, specimens tested in the longitudinal direction, the rolling direc-
tion, developed oval cross sections.

Another area of material characterization into which we are moving
deals with the structural stability of the reference heat (9T2796). Sev-
eral specimens were sent to the University of Cincinnati for inclusion in
thelr light and electron microscopy studies on austenitic stainless
steels.®° A small in-house effort is beginning also. We obtained elec-
tron transmission photographs of the preliminary heat (8043813) earlier
and these proved interesting. Examples are shown in Figs. 6.6, 6.7, and
6.8 which were taken from specimens tested in creep. Figure 6.6 repre-
sents the structure developed after testing 16L2 hr at 20,000 psi and 1200°F
(specimen P-3). Figure 6.7 represents 5033 hr at 17,000 psi plus an ad-
ditional 2207 hr at 20,000 psi (specimen P-5). Both specimens exhibited
a reasonably well-defined substructure. A coarse dispersion of Ms3Cs car-
bides developed throughout the matrix and on grain and twin boundaries,
Figure 6.8 was obtained from specimen P-9, which was tested at 30,000 psi
and 1100°F for 3184 hr. Some regions of the specimen, such as shown in
the figure, developed a substructure, More significant, perhaps, were
the clusters of very fine precipitates (MgpsCe) which formed. A question
to be resolved is whether these precipitates contributed to creep strength
by immobilizing strain-induced dislocations or signify a time-dependent

decrease in strength via the loss of solid solution hardening,3*s32



&3

ORNL-DWG 72-6431

O T T ITONT T T TITI] T T TTTm
o * f 1000F NQOF 1200F
- Ht 8043813 x + %
~ , Wt qT279%6 a [N 0O
R o, |
5§ | o + 3 .
2 20} A » © ®© * o, —
3 LB A
M pre—
N NN R NN A AT
10 100 | 1000 10,000
: : TIME (hr)

, Fig. 6.5. Stress rupture ductilities for two heats of type 304

stainless steel at 1000, 1100, and 1200°F. Heat 8043813 was reannealed
at 1950°F and heat 9T2796 was reannealed at 2000°F. Open symbols are
for plate, and closed symbols are for bar,



8l

i

0

o
-
-

=

Fig. 6.6. Structure developed in type 304 stainless steel after
1642 hours at 1200°F and 20,000 psi. Heat 8043813 (specimen P3).
The large particles are Mo3Ce carbides. Original magnification: 25,000X.
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PHOTO 1766-72

Fig. 6.7. Structure developed in type 304 stainless steel after
7220 hours at 1200°F, The first 5033 hours were at 17,000 psi and
the remainder at 20,000 psi. The large particles are MosCe carbides.
Heat 8043813 (specimen P5). Original magnification: 25,000X.
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6.2, Creep Testing

A complete tabulation of the creep tests performed on the reference
heat (9T2796) is given in Tables 6.3, 6.4, and 6.5, The first item to be
discussed is the plastic strain that occurred on loading. Up to now we
~have initially loaded specimens through the use of a step loading method
with 1250 psi increments. This techni@ue resulted in reproducible strains
and a well-defined initial time. For reasons unknown, possibly either

machine momentum or Portevin-Le Chatelier effects,®®

we find the plastic
gtrains to be higher after step loading than we expected from ftensile test
data. We intend to use a motor drive to lower the weights in future tests
and specimen RP-86 listed in Table 6.3 was our first attempt. The strain
introduced in this specimen was closer to the value expected from tensile
tests. A comparison of plastic strains in tensile and creep tests is made
for the RP series specimens in Fig. 6.9.

We found the nature of the strain-time response immediately after
loading was dependent on stress. At very high stresses (30 to 40 ksi)
an induction period was observed in which the creep rates accelerated and
" then decelerated toward the minimum, At intermediate stresses (15 to 30
ksi) the initial creep rate seemed to be finite, but decelerated after a
short constant period. At lower stresses (7.5 to 15 ksi) the strains were
too small to observe the short-time response except at the higher tempera-
tures where often it was not possible to separalte plastic strains from
creep strains.v Data obtained at stresses below the proportional limit
(approximately 7 ksi) were too meager to allow generalizations,

The strain-time response immediately after loading could be made com-
patible with the expénential creep equation either by adding a second ex-

35

ponential as was done by Pugh®% and Blackburn,®® or by modifying the ex-

ponential creep equation by placing an exponential,_ﬁ,'on time, This

8

method was used by Chuang, Kennedy, and Perry.> Thus; we could develop

one of the following equations:

~r.t -1zt
eprim = A, (l - e > + Ap <l - e )

or
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Table 6.3. Summary of creep and stress rupture tests performed on type 30b4 stainless

steel plate amealed at 2000°F (heat 9T2796)

_ Plagtic®  Minimm  Time to° Intercept® restd Fracture®  Reducbion
Specimen Temperature Stress strain on creep tertiary creep time elongation in area
no. (°F) (ksi) loading rate ereep strain (br) (%) )
(%) (#/nr) (nr) (%)
rP6T 1000 5.0 18.6 ~0.03 60.1R 29 28.4
REB 1000 ko.0 1.3 0.021 130 0.1 162.8R 22 21.9
RP9 1000 35.0 11.0 0.00k 510 0.3 594, 8R 18
RP2Y 1000 30.0 8.3 <0.00064 20.5 1171.2D
RP78 1000 25.0 5.5 <0.00015 20,4 2000.01
RP268 1000 20.0 3.3 <0.000005 20.29 5057.0D
RP75 1000 15.0 1.21 113.0D
RPT3 1000 15.0 1.18 <£0,00002 20.16 3000.01
RP31 1000 10.0 <0.05 <0,000002 20,035 5035.0D
RP86 1100 35.0 9.2 0.23 2k 0.6 29.6R 20 27.0
RPL 1100 35.0 11.7 0.3% 20 0.2 25.1R 27 35.8
RPS 1100 30.0 8.3 0.046 80 0.85 110.8R 19
RPT 1100 25.0 5.8 0.011 280 0.7 Uho 1R 16
RP5L 1100 25.0 5.5 0.010 310 0.7 402.5D
RP32 1100 22.5 k.6 0.0035 550 0.6 878.1R 15 1.2
RP23b 1100 20.0 3.3 <0.00085 20.45 1000.0D
RP58 1100 20.0 2.8 0.00065 4700 1.95 5060. 5D
RP4O_ 1100 17.5 2.8 <0,00023 21.3 5100.0D
RP251 1100 15.0 1.6 £0.00033 20.2 1006,1D
RPTLY 1100 15.0 1.55 <0.0003 20,25 986.6R
RP79 1100 15.0 1.6 <0,00018 20.33 2000,01
RP62, 1100 12.5 0.65 <0.000025 20.63 5660.1D
RP2gK 1100 10.0 0.16 <0,00004 20.07 5000.0D
RP76 1100 10.0 0.11 <0.000015 20.037 1000.0D
RP7L 1100 7.5 0,00k 500.0D
RP1 1200 25.5 5.5 0.4 18 0.95 27.7R 25 30.2
RF2 1200 20,0 3.3 0.087 50 0.6 111.2R 25 28.9
RPB5 1200 17.5 2.l 0.05 70 0.53 250.0R 27 30.0
RP3 1200 15.0 1.35 0.015 150 0.3 730.0R 21
RP61 1200 12.5 0.76 <£0.005 20,2 260.0D
RP22 1200 10.0 0.06 <0.0009 20.3 1002.0D
RP100 1200 7.5 0.003 100.01
RP2T 1300 15.0 1.8 0.33 20 0.4 46.9R 27
RP102 1300 12.5 0.65 0.067 130 0.25 2k bR 48 k2,0
RP29 1300 10.0 0.18 <0.038 20.1 73.9D
RP83 1400 12,5 0.62 1.43 12 0.5 19.9R ] 36.6
RP30 1400 10.0 <0.25 0.43 30 0.3 45, 7R 26
RPhL 1koo 7.5 <0.05 <£0,105 20.08 20.0D
REBL 1400 7.5 <0.05 0.0bk4 500 3.46 697.7R b7 39.0
RPB1 1500 10.0 0.17 3.6 5 0.6 8.4R 53 25,4
RPSO 1500 7.5 <0.05 0.38 50 2.0 77.7R k2 40.3
RP59 1500 5.0 <0.05 <0.028 z22.2 166.0D

g1 specimens except RPB6 were step loaded at 1.25 ksi increments.

b

cIn‘bercep‘t‘. creep strain does not include the elastic and initial plastic components.

dR = rupture; D = discontinued; I = in test.
EElongat:'r.on over approximately 9X diemeter.
prpro:d.mately 1.6% strain introduced at 20 hr.
gApprcix:i.ltuad:ely 0.05% strain introduced at 570 hr.
Ny pproximately 0.66% strain introduced at U7 nr.
iApproxims.tely 0.27% strain introduced at 700 hr.
jTemperatu.re excursion to 1600°F at 986.6 hr.
kApproximately 0.08% strain introduced at 2200 hr.

RP36 was loaded smoothly,
Time to tertiary creep was based on the 0.2% offset from the minimum rate line.



Table 6.4,

Summary of creep and stress rupture tests performed on type 304 stainless
steel 5/8-in. bar (hot rolled) annealed at 2000°F (heat 9T2796)

Plastica Minimum Time tob Irrterceptc Testd Fracture® Reduction
Specimen Tempcerature Stre.'ss stra.ix.’z on creep tertiary creep time elongation ‘n

no. (°F) (ksi) loading rate creep strain & in area

(%) (%/5) () (%) (bx) *) (#)
RR37 1100 35 10.0 0.49 19 0.65 23.0R 27 30
RR36 1100 30 6.7 0.088 75 1.0 101.0R 20 ok
RR35 1100 25 4.5 0.015 300 0.8 430.0R 16 18
RRL47 1100 15 0.85 0.0D
RR49 1100 15 0.6 100.0D
RR50 1100 15 1.1 '1000.0D
RR33 1150 20 2.6 0.014 190 0.6 LekL,0R 16 17
RR66 1200 25 6.0 0.75 15 0.75 27.5R 38 3k
RR38 1200 20 2.6 0.11 50 0.8 114,0R 24 25
RR41 1200 15 1.k 0.018 150 0.5 6L49.5R 22 22
RR32 1250 20 2,8 0.62 15 0.8 28.8R 29 33
RRL42 1250 15 1.3 0.11 70 0.5 135.3R oL 30
RRL5 1250 10 <0.05 <0.0029 21,1 1261.6D '
RR4O 1300 15 1.1 0.36 30 0.7 5k,5R 29 28
RRLY 1300 10 <0.05 0.,0225 660 1.6 993.1R 31 32
RRU6 1400 10 <0.05 0.32 60 1.2 82.LR 36 3k
RR39 1500 10 0.29 3.3 1.5 12,0R 38 36

8a11 specimens step loaded at 1.25 ksi increments.

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

cIn’t;ercep‘c creep Strain does not include the elastic and plastic components.

d‘R = rupture; D = discontinued,

eElong&m’cion over approximately 9OX diameter.
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Table 6.5.

The influence of thermo-mechanical variables on the short-time
creep rupture of type 304 stainless steel (heat 9T2796)

o ) Plagtic Minimum Rupture

pecimen Product Condition Temperature Stress strain on creep 13fe
no. form (°F) (ksi) loading rate

(%) (fpr) (%)
RP86 Plate 2000°F annealed 1100 35.0 9.2 0.23 29.6
RPL Plate 2000°F annealed 1100 35.0 11.7 0.3k 25.1
RR37 5/8-in. bar 2000°F annealed 1100 35.0 10.0 0.49 23.0
796~9 5/8-in. bar 1950°F annealed 1100 35.0 8.5 0.33 43,7
RRL3 5/8-in. bar AL79 (hot rolled) 1100 35.0 5.0 0.38 37.6
FRP7 Plate 2000°F annealed plus 1100 35.0 0.75 0.29 34.8
10 cycles at 2% ne - '

RPS Flate 2000°F annealed 1100 30.0 8.3 0.046 110.8
RR36 5/8-in. bar 2000°F annealed 1100 30.0 6.7 0.088 101.0
796-8 5/8-in. bar 1950°F annealed 1100 30.0 1.0 0.06 168.8
796-2 /8-in. bar AL79 (hot rolled) 1100 30.0 2.0 o27h.2
796-7 5/8-in. bar ALT79 (hot rolled) 1100 30.0 2.5 0.0L4 281.4
RPL Plate 2000°F annealed 1200 25.0 5.5 0.46 27.7
RRQ 1-in. bar 2000°F annealed 1200 25.0 6.7 0.7 25.5
RR10 l-in, bar 2000°F annealed 1200 25.0 5.1 0.8 22,4
RR11 l-in. bar 2000°F annealed 1200 25.0 L 0.78 25.0
RR12 l-in. bar 2000 F annealed 1200 25.0 5.3 0.85 19.5
RR66 5/8-in. bar 2000 F annealed 1200 25.0 6.0 0.75 27.5
796~10 5/8-in. bar ALT79 (hot rolled) 1200 25,0 2.0 0.3k 62.7

06
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Fig. 6.9. Comparison of tensile curves for type 30L4 stainless
steel with the strains obtained by loading creep test in the tempera-
ture range 1000 to 1200°F (heat 9T2796 plate annealed at 2000°F).
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= A <1 - e'rtﬁ> ,

where eprim is the primary creep, t is time, and everything else is a mate-

€ .
prim

rial constant which is stress and temperature dependent. If we consider
something other than an exponential creep equation, there are many alter-
natives. Before taking this approach, additional and detailed work is
needed to sort out the relationship between the methods of loading creep
tests and the short-time strain response. Several years ago we found,
when testing type 316 stainless steel, that the shape of the initial creep
curve could be drastically altered by varying the loading conditions,®”

The minimum creep rates, intercept creep strains, times to tertiary
creep (defined by 0.2% offset from the minimum slope), rupture lives,
elongations, and reductions in area are all contained in Tables 6.3, 6.4,
and 6.5. Although such data are very important from an engineering view-
point, they do not provide a very clear picture of strain-time behavior.
Figure 6.10 shows a plot of a high-stress creep test, RP9, at 35,000 psi
and 1000°F, The slight acceleration of creep rate out to 50 hr and sub-
sequent deceleration to 300 hr are details which are lost by restricting
descriptive creep parameters to those contained in the tables. Specimen
RP7, at 25,000 psi and 1100°F, produced a creep curve which is more con-
ventional (see Fig. 6.11), but specimen RP58, at 20,000 psi and 1100°F,
exhibited unexpected behavior and this is shown in Fig. 6.12. Notice that
the creep rate was almost constant between 500 and 1000 hr. We expected
this test to go into tertiary creep around 1500 hr and perhaps fail around
2500 hr. Instead, a new period of decelerating creep developed. Such
behavior profoundly affected the value of the intercept creep strain. In-
deed we found many of the longer time tests, for both product forms, had
high intercept creep strains. We do not know, just yet, whether these
effects were due to experimental factors or resulted from real and repro-
ducible metallurgical phenomena.

Several short-time creep tests were performed at 35,000 psi and 1100°F
to investigate the influence of the thermo-mechanical condition on the
deformation behavior. The results are summarized by Fig.'6.l3. There was
about & factor of 2 or less between the extremes of behavior."The weakest

condition corresponded to the 5/8-in.-diam bar specimen which was annealed
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Fig. 6.10. Creep curve for type 304 stainless steel at 1000°F
and 35,000 psi (heat 9T2796 plate annealed at 2000°F).
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Fig. 6.11. Creep curve for type 304 stainless steel at 1100°F
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at 2000°F (specimen RR37). The strongest was taken from l-in. plate and
annealed at 2000°F (specimen RP86). In between we find bar material in
the A-479 condition (specimen RRL3) and plate material reannealed at
1950°F (specimen 794-9). Also included are two other specimens taken
from plate. One was annealed at 2000°F (specimen RPL), and the other an-
nealed at 2000°F was then strain cycled ten times at 1100°F and *1% strain
amplitude (FRP7).

A group of test results obtained at 15,000 psi and 1100°F are com-
pared in Fig, 6.14. Included are three tests performed on specimens ma-
chined from plates (RP25, RP7L4, and RP79), two tests on bar material (RRLO
and RR50), and a compression test on a tubular specimen machined from 1-
in, plate. All specimens were reannealed at 2000°F prior to testing.

With the exceptions of specimen RR50, the data grouped together fairly
well., It appeared that the compression test was beginning to deviate at
250 hr, and we suspect this may continue as the diametric restraint,
exerted by extensometer and specimen shoulders, becomes more pronounced.

A comparison of two-step load creep tests performed at 1100°F with
constant-load creep data is shown in Fig., 6.15. Total strains rather than
creep strains have been plotted in order to show an increase in the plas-
tic flow stress which developed as a consequence of creep exposure. When
we compared only the creep components of strain, we found results which
were quite similar to those reported®® for the preliminary heat (8043813).
At low stresses it was hard to distinguish whether the time- or the strain-
hardening rule looked the best. At higher stresses the strain-hardening
rule is superior.

We have had difficulty performing tests on type 304 stainless steel
at 1100°F because the creep rates were low and stresses had to be high
relative to the plastic yield stress. Bumping of the creep machines often
introduced more plastic strain. At very high stresses (more than 30,000
psi) we found that accidental plastic strains, introduced during creep,
produced temporary hardening effects. Just as for the first loading, creep
rates were low at first and then accelerated. However, we found at
intermediate stresses (15,000 psi) a temporary acceleration in creep rate
after a plastic strain pulse. Possibly, new dislocations generated or

unlocked by the plastic strain participated in the creep processes until
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they were immobilized once again, If this is true, then the concept of
a limiting transient creep strain, uniquely associated with a stress, may

not be a completely realistic model.

6.3. Relaxation Testing

Relaxation testing was resumed toward the end of this reporting quar-
ter, Two more tests, at 1050 and 1150°F, were performed, and these are
included in the summary plot shown in Fig. 6.16, The pneumatic-hydraulic
machine was placed in operation this quarter and relaxation tests to 1000

hr should begin soon.

6.4, Cyclic Testing

A few cyclic tests were performed this quarter at room temperature,
800, and 1100°F, The tensile stress amplitudes obtained from several of
these tests are compared at two strain amplitude levels in Table 6.6.
The results were consistent with our expectations and revealed rapid work

hardening at elevated temperatures and relatively high strain amplitude.

7. ANALYTIC RATCHETTING STUDIES

T. R. Branca
J. L, McLean

Teledyne Materials Research Co.

During this reporting period, Teledyne's initial analytic ratchetting
studies were completed and a final report was published (Teledyne Technical
Report E-141L4). The results of this study are far too extensive to present
in a complete package as a progress report. Thus the following presenta-
tion outlines only the basic approach taken and the more significant re-
sults obtained.

The ANSYS program was used in the parametric ratchet study to solve
all the cases involved. The general capability of ANSYS and the problems
encountered in sebting it up on the NYU CDC-6600 computer have been dis-

cussed previously.39 A multilinear stress-strain curve, temperature-
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Table 6.6, Summary of several strain-cycling tests performed
on type 304 stainless steel (heat 9T2796 reannealed at 2000°F)

Tensile™ Tensile stress amplitude at
Specimen Temperature strain indicated cycle number (ksi)
no. (°F) amplitude

(in./in.) 1/k 11/ 21/ 10 1/k

FRP2 Room 0.0045 27.0 29.2 30.2 33.2
FRP4 800 0.0045 15.5 17.7 19.2 25.0
FRP9 1100 0.0045 12.2 15.5 17.5 2.5
FRP3 Room 0.0092 29.5 34,5 36.8 Yo,2
FRP5 800 0.0095 16.5 21.5 25.5 Lo.0
FRP6 1100 0.0097 12.8 18.8 23.5 4o.2

SAxial control over 0.5-in. gage length at 0.05 per minute
strain rate.
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dependent properties, kinematic hardening, and strain-hardening creep were
considered in these studies, However, due to the limitations of ANSYS and
of computer run time, cases were still limited to long, axisymmetrical,
cylindrical geometries with axisymmetric loadings.

In order to make the results of this study more applicable to FFIF
and SPTF component and piping design, the parameters of the ratchet cases
considered were selected to cover the range of interest in the two liquid-
metal programs, For example, the material considered was 304 stainless
steel, and the selection of the thermal transients and pressure conditions
was based on design specifications for FFTF and SPTF components.

The form of the temperature history considered was similar to that
used by Minami and Roberts;4o it consists of a severe down-transient from
the normal operating temperature followed by a short hold time at the
lower temperature of approximately one-half hour. The fluid temperature
is then slowly raised to the upper temperature and held there for 500 hours
with an internal pressure loading. For the 26 ratchet cases of this study
the pressure was held constant through the entire thermal cycle. Down-
transients of LO°F/sec, 30°F/sec, 10°F/sec, and 2°F/sec were considered
with temperature drops during the transients of LOO°F and 300°F. The nor-
mal operating temperatures investigated were 1000°F, 1100°F, and 1200°F.
Pipe wall thicknesses of 0.375 in. to 1.35 in. were considered. A summary

of the input parameters used for each case is given in Table 7.1.

7.1. Analysis

7-1.1, Finite element model

With the nodal coupling options available in ANSYS, a long axisym-
metric cylinder was idealized as shown in Fig, 7.1l. For all ratchet cases
considered, there were 16 equal quadrilateral axisymmetric ring elements
taken through the wall thickness as shown. The nodes on one lateral face
of the model were free to move only in the radial direction; on the other
lateral face, the nodes were constrained to move uniformly in the axial
direction while being free in the radial direction. This set of constraints
simulates the long pipe by placing the axisymmetric model in a state of

generalized plane strain. The nodes of the same radius were also forced
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Table 7.1. Ratchet-run input parameters

Operating Thermal AT Wall Internal
‘temperature transient (OF) thickness pressure

(°F) (°F/sec) (in.) (psi)

1 1000 —ho 1Tele 0.851 635
2 423
3 211
L —30 300 1.35 992
5 496
6 -10 300 0.531 400
7 266
8 -2 300 1.06 787
9 0.531 400
10 1100 —4o 400 0.851 300
11 —30 300 1.35 624
12 208
13 0.851 300
14 0.375 134
15 -10 300 0.700 331
16 220
17 0.531 189
18 —2 300 0.851 iTelo)
19 1200 ~40 iTele) 0.851 195
20 -30 300 1.35 W57
21 , 220
22 =10 300 0.700 243
23 81
oL 0.531 185
25 123
26 -2 300 0.851 293




102

- ORNL-DWG 72-6438

R
16
15
14
13
12 Constraint Forces
11 Attached Nodes to Have
10 ' Equal Z-displacement
9
8
7
6
5
4
3
2
1
=

———Z
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to move equally in the radial direction. The nodal coupling in the two

directions reduces the number of displacement unknowns from 34 to just 18.
The same model geometry was used for the solution of the associated

thermal problem. In the thermal solution, nodes at equal radii were tem-

perature~coupled.

7.1.2. Plagticity solution technique

The ANSYS program uses the initial strain approach for the plastic
and creep strains in the formulation of the finite element system of equa~
tions, In this technique, for small displacement analysis, only the right-
hand side of the equation is modified for each change in the loading or
inelastic strains. However, in the ratchet cycle there are large tempera-
ture changes; thus, 1t was necessary to modify the stiffness matrix, which
is a function of the temperature-dependent elastic properties, for each
iteration that involved a temperature change. TFor subsequent iterations
of the elastic-plastic solution at a given input temperature distribution,
the current stiffness matrix was saved. Approximately 35 temperature
distributions were used in the elastic-plastic solution for each ratchet
cycle, and at each of these temperature steps, six iterations were taken
to converge the solution.

The plasticity subroutine of ANSYS requires tlie stress-strain curves
to be input in the form of multilinear curves of five segments for each
temperature of interest. The stress~strain curves used in this study
represent average properties of 304 stainless steel and were given in
tabular and graphical form in Ref. 39. The bilinear stress-strain curve
could have been used as a speclal case of the multilinear representation.
However, it was decided that the bilinear representation would not be
helpful since the plasticity logic in ANSYS was not developed from a con-
sistent theory that requires the bilinear curves.

In this study no attempt was made to include the effects of cyclic
changes of the stress-strain curve, Thus, the monotonic stress~strain
curves were used throughout the cyclic loading. The nonisothermal con-
ditiong are accounted for by linear interpolation between input temperature-

dependent stress-strain curves and physical properties at each iterationm.
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The ANSYS plasticity subroutine that was used for this study con-
siders-the input stress-strain curves as generalized stress-strain curves
for both isotropic and kinematic hardening.  Within the ANSYS kinematic
hardening option for the monotonic portion of a cyclic loading, the plas-
tic strain increments are calculated by a method of isotropic hardening.
The multiaxial plastic stress-strain relation used is the "modified total
strain" version of the Prandtl-Reuss equation as described by Mendelson.*t
If used directly for reversed loading cases, the Mendelson approach is
one of isotropic hardening. However, in the ANSYS kinematic scheme that
was used, when the largest elastic strain component changes sign relative
to its corresponding plastic strain component during a load reversal, the
required kinematic shift in the origin of the yield surface takes place.
During this shift the initial size of the yield surface is resumed. .

It is clear that the ANSYS kinematic hardening scheme used for this
study is not an analytically consistent hardening theory.* However, for
the particular case under consideration, that is, the thermal ratchet of
a straight pipe, the ANSYS inconsistencies do not appear to lead to serious
problems. The reason is that the loading on the pipe is predominantly
thermal. Thus, in stress space, the loading is approximately radial with
oy equal to oz. In the region of the yield surface near this radial load-
ing line, the yield surfaces from the ANSYS development and a more analyti-
cally consistent theory are not significantly different. Therefore, for
the pipe ratchetting study the analytical development of the ANSYS kine-

matic hardening subroutine was considered to be adequate.

7.1.3. Creep solution technique

The specific creep equation used together with background information
have been covered previously.®® The multiaxial creep relations of ANSYS
are the Prandtl-Reuss equations for creep-strain increments as given in

Mendelson, **

These equations are of the isotropic hardening type. The
particular ratchet program under consideration is an intermittent creep
problem and not a creep reversal problem. Therefore, the ANSYS creep

approach is an adequate strain-hardening formulation.

*A more general and consistent kinematic hardening option was added
to ANSYS after this study was completed.
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7.1.4. Post-run analysis: evaluation of the finite element results

To summarize the numerical results, the ratchet growth (cumulative
strain) was plotted as a function of the elastic thermal stress and the
pressure stress. For the present study the value plotted as the abscissa
is the primary stress intensity, ?m' On the ordinate the value plotted
is the equivalent linear elastic secondary stress intensity, QEL' The

following formulas were used to calculate these two guantities:

1p® 10®
P o=z fo o dr ~ = fo o dr (7.1)
6 a/2
Qpp, = ;2- J /o o rdr — .. (7.2)
where
a = pipe wall thickness,
Og = hoop stress from elastic calculation,
r = radius,
0, = radial stress from elastic calculation,
Opy = radial stress at inside diameter.

To obtain the elastic results necessary to compute Bm and QEL’ an
elastic-only finite element solution was obtained. This solution used the
same temperature input as used in the corresponding cyclic elastic-plastic-

creep solutilon,

7.1.5.  Input parameters and computer run
times for the ratchet cases

The input parameters for the ratchet cases used in this study were
presented in Table 7.l. The heat transfer coefficient at the wetted sur-
face for each case was 50 Btu/hr—in.2-°F. In an attempt to avoid the com-
plicating influence of thick cylinder effects, an inside diameter of 30
in. was used for all cases, A 500-hr hold time was considered for all

runs.
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This 500-hr hold time represents an "arbitrary average" of the esti-
mates. of the hold times for SFIF and FFIF components. The 500-hr hold
time was also easily manageable in a computer solution.

The internal pressure of the runs was limited by the requirement of

existing criteria®*® that Em = §§3 The §m values used are:

§m = 11,500 psi at 1000°F ,
§m = 7,250 psi at 1100°F ,
§m = 4,400 psi at 1200°F .

The ratchet cases each required approximately 3000 central processor
seconds on the CDC 6600, The iteration schemes used were probably con-
servative in that more load-time steps were taken than are required for an
accurate solution. However, even if the number of steps were cut in half
and an accurate solution resulted, the implications are that ratchetting
analysis on any but the simplest geometry will be very expensive. The
form of the solutions obtained is indicated by Figs. L4.3 and L.L4, Section
4.3, of this report, which are typical hoop stress vs hoop strain results

obtained by TMR for the ORNL pipe thermal ratchetting problem.

7.2. Results

7.2,1. Cumulative strain

The values for the incremental strain growth are based on differences
between the hoop strain at the inner surface from cycle to cycle, the hoop
strain being the maximum positive principal strain, The inelastic ratchet
calculations were done for five cycles. The incremental growth did not
in every case settle to a steady value by the fifth cycle. Therefore, it
was necessary to make some approximation concerning the steady-state growth
per cycle. At one point we considered using an extrapolation procedure to
determine the steady-state growth value. However, due to present uncer-
tainties of inelastic and creep analyses, it was decided to adopt a more
conservative approach and consider the incremental strain growth between
the fourth and fifth cycles as the steady-state incremental strain growth.
The total strain growth after nt+5 ratchet cycles was thus calculated by



€y = 695 + n894_5 5 (7.3)
where
€ = ﬁhe final total hoop strain (minus hoop thermal strain),
maximum value of cycle for inside surface,
695 = the total hoop strain (minus hoop thermal strain), maximum
value of fifth cycle for inside surface,
694—5 = incremental}strgin growth from fourth to fifth cycle, 695-664.

The maximum hoop strain for the cycle as opposed to the strain during the
thermal-transient-free state was used in the cumulative strain calculations
to present a conservative value for the hoop strain increase. Using Eq.
(7.3), 100-cycle cumulative strain results were calculated and are pre-
sented in the Bree~type diagrams, Figs. 7.2, 7.3, and 7.4. In these fig-

ures approximate contours were drawn between the data points.

7.2.2, Comparison of results to FRA-l5g2 Rev.>3

In the comparison of the results of this study to the ratchetting
rules of FRA-152, Rev. 3, considerable liberty has been taken, First of
all, FRA-152, Rev. 3, states that the maximum absolute accumulated inelas-
tic strain be used in the deformation limit evaluation. The maximum posi-
tive principal strain was considered as opposed to the maximum absolute
principal strain in the cumulative strain calculations. Secondly, in
paragraph M.294,2(b)2, FRA-152, Rev. 3, states that thermal stresses from
all sources be less than 20, . The peak stress was not considered in
the evaluation of this parag?égh; therefore, the requirements of the para-
graph were relaxed to limiting QEL to be’less than or equal to Edymin

There are essentially three ratchetting rules in FRA-152, Rev. 3. The
first ratchetting rule, paragraph 4.2.4.2(a), requires (Pm + QEL)range < 0
Examination of Figs. 7.2, 7.3, and 7.4 shows this 1limit to be very conser-
vative when compared to the 100-cycle cumulative strains of this study.
Note, however, that this rule applies for any operational life. If, from
Figs. 7.2, 7.3, and 7.4, an estimate is made of the cumulative strain at
350 cycles (approximately equal to 20 years opefational life), the rule of
paragraph 4.2.4,2(a) would still be quite‘conservative, especially for the

1000°F curves.
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lines of existing and proposed ratchet rules.
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The second and third rules of FRA-152, Rev. 3, for ratchetting‘are
each made up of three sections. The first and second sections of the two
rules are identical. And for the cycle of the ratchet study, the third
sections of the rules, that is, paragraph 4.2.4,2(b)3 and paragraph
b.2.4.2(c), are equally restrictive. Using the isochronous stress-strain
curves given in FRA-152, Rev. 3, rules 4.2.4.2(b) and 4.2.4.2(c) can only

be invoked if the life in hours is less than the values shown below.

Applicability of Paragraphs 4.2.4.2(b)3
and (c) of FRA-152, Rev. 3, for 304 Stainless Steel

Temperature, “F = - 1000 1100 1200
Life, hr 10% <10° 0

Thus the 100-cycle life investigated in Figs., 7.2, 7.3, and 7.4 is too
long to be considered by the second and third rules of FRA-152, Rev. 3.
However, for completeness, the limit lines (modified for this study) of
paragraphs 4.2.4.2(b)1 and 2, that is, Qg < 20 and P < 0.50 s

Jmin min
are shown.

7.2.3. Comparison of results to the ratchetting rules
of the IMEC Proposed "Appendix A, Supplement to Code Case 1331-5"

The ASME Code Case 1331-5 requires that ratchetting deformation be
considered in high-temperature design, but the analytical procedures and
materials properties as included are nonmandatory.43 However, provision
is made in this code case for alternate criteria to be used by the Manu-
facturer subject to the Owner's approval, The LMEC, as an Owner, has pro-
posed such alternate ratchetting criteria to supplement Code Case 1331-5
for use in design of IMEC facilities. It is intended that the supplement
will be made a part of the Design Specification for all Class I Nuclear
Components for which IMEC has the technical management responsibility.44
It was felt that a thorough evaluation of ratchetting criteria should con-
sider the rules of this supplement, Ref. LL, henceforth referred to as
Appendix A.

For the simple straight pipe model used for the ratchet cases, the
rule A.2,1.2(1) of Appendix A is approximately the (P, + QEL)ra.nge <o,
rule discussed for FRA-152, Rev. 3, and the same comments apply. The
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ratchet limit curve given in Appendix A, A,2.1.2(2a) is shown in each of

Figs. 7.2, 7.3, and 7.4.* However, this limit curve is not applicable to
100-cycle lives because of the second part of this rule, paragraph (2b).

From the isochronous stress-strain curves of the code, paragraph (2b)

limits the design life for 304 stainless steel to the following:

Applicability of Rule A.2.1.2(2b) of Appendix
A for 304 Stainless Steel

Temperature, °F 1000 1100 1200
Life, hr \ 10% <500 <50

Paragraph (2c) is satisfied for all the ratchet cases of this study.

For the cycle used in this study, the limits set by rule A,2.1.2(3)
are approkimatély as restrictive as the limits set by rule A.2.1.2(2a, b,
and c).

The limits set by rule A.2.1.2(La) are specified by two equations,
Eqgs. 13(e) and 13(f) of the Appendix A. Equations 13(e) and 13(f) were
calculated for each of the temperatures considered. The resulting curves
are plotted in Figs. 7.2, 7.3, and T7.k.

From these figures it is seen that the present analysis indicates
that rﬁle A.2ql.2(h) is conservative with respect to the 2% surface strain
1imit of the code. However, because of the uncertainties of the present
analysisyand the unknowns that may enter due to more complex temperature
and pressure cycles and more complex geometries, we do not think that the

present analysis indicates that the rule is excessively conservative.

7.3. Conclusions

Although there is some question about the particular kinematic harden-
ing scheme available in ANSYS at this time, the results presented in this
study indicate that the program can produce reasonable solutions that show

the essential features of a more consistently developed hardening scheme.

*In Figs. 7.2, 7.3, and 7.4, the term Revision A should read Appendix
A ag discussed above,
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The results presented in Figs. 7.2, 7.3, and 7.4 are useful in that
they indicate the analytically predicted grthh as a function of elastic
primary and secondary stress intensities. The growth curves were generated
for a 500-hr hold time, but should also apply conservatively to a loading
sequence where hold times are less than 500 hr. These results may not be
overly optimistic for hold times in excess of 500 hr, since most of the
stress relaxation has occurred before the end of the 500 hr, However, it
should be noted that experimental pipe ratchet results and further analyti-
cal solutions are necessary to completely evaluate the results of the
present study.

The present analysis indicates that the ratchetting rules presented
in both FRA-152, Rev., 3, and in the LMEC proposed supplement to ASME Code
Case 1331-5 for loadings with long hold times are very conservative, with
one exception., That exception is rule A.2.1.2(4) of the proposed supple-
ment to the ASME code. When compared to the results of this analysis, the
rule A.2.1.2(4) is consistently and reasonably conservative for all load-
ings and temperatures studied.

The analysis indicates that a complete ratchetting study of any com-
plex structure will be an expensive undertaking due to the large computer
run timés necessary. Therefore, it is our opinion that an important area
of study in the near future, in addition to the ratchetting experiments,
will be in the development of standard techniques to construct simplified
finite element models from large complex finite element idealizations. The
simpler models must be manageable from a computer-run-time point of view,
and also must realistically represent the boundary conditions imposed by

the larger parent model.
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8. HIGH-TEMPERATURE CREEP COLLAPSE
TESTS OF PIPING ELBOWS

R. I. Jetter
J. Moldenhauer

Atomics International

8.1. Test Conditions

In order to obtain fundamental information on the high-temperature
behavior of piping systems, a series of creep collapse tests is to be per-
formed on thin-walled, long-radius piping elbows fabricated to close tol-
erances from 304 type stainless steel. The test elbows will be 16 in, in
diameter, and will have the same characteristics as those incorporated in
the FFIF design.”*

The test specimen will be "L" shaped, consisting of two straight
pipe extensions welded to the ends of a 90° elbow, with one end of the
test specimen fixed. During the tests the elbows are to be maintained
at a uniform constant temperature of 1100°F within a tolerance band of
about *1/2%. A suitable constant load will be applied at the free end to
produce creep collapse in about 200 hours.

Altogether three tests are to be performed. The first and second
tests will be on elbows with a 3/8-in. wall with the loads applied in-
plane and out-of-plane, respectively. The last test will be on a l/h-in,
wall elbow with the load applied in-plane or, if such an elbow cannot be
manufactured at a reasonable cost, a 3/8-in. wall elbow may be tested with
an applied in-plane displacement. In the latter case, the objective will
be to measure the relaxation characteristics of the elbbw and to determine

if creep collapse is possible under such conditions.

8.2. Test Data

During the tests, two types of data will be recorded as a function

of time, Temperatures along the elbow surface will be recorded by means

*Efforts are currently underway by ORNL to obtain elbows for these
tests identical to those to be manufactured for the FFIF piping system.
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of six calibrated thermocouples, while the gross displacements of the

test specimen will be measured with dial gages, and continuously monitored
by means of variable resistance potentiometers actuated by the motions of
the test specimen.

Refore and after each test, measurements will be taken across the
diameter of the test specimen at various circumferential and axial posi-
tions. A grid of shallow blunt indentations are to be placed on the el-
bows surface, prior to testing, in order to insure that both sets of mea-

surements will be made at the same locations.

8.3, Test Assembly Design

Conceptual design of the heating system has been completed. Internal
heating of the sodium-filled test specimen was selected as the most prac-
tical means of obtaining and maintaining a uniform temperature distri-
bution, while at the same time being able to provide for the relativelyb
large displacements anticipated under collapse conditions. In the final
design, provisions are being made for a maximum angular displacement of
about 9 degrees.

Two alternate heating methods were also given serious consideration:
(1) a clamshell oven lined with electrical resistance heaters, and (2) a
clamshell enclosure through which air, heated by a duct heater, would be
recirculated by a high-temperature fan. Both of these external oven con-
cepts had to be abandoned, however, primarily because a practical method
of providing for adequate thermal closure, while still allowing for large
displacements of the test assembly, could not be found.

Design work on the reference sodium concept, which is shown in Fig.
8.1, is now about 30% complete.

The test assembly is mounted off a large reinforced concrete slab
with the horizontal leg at an initial angle of 9 degrees with respect to
the true horizontal. The test load will be placed on the end of the
horiZontal leg causing it to displace towards the ground. A restraint
structure prevents the assembly from rotating past the horizontal posi-
tion; thus, most of the sodium can be drained from the system when the

test 1s finished.
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The primary heating system consists of a pair of tubular immersion
heaters. These heaters project axially towards the center of the elbow
from bulkheads located in the horizontal and vertical leg and are bent to
conform to the axis of the elbow portion of the test assembly. Porous
tubular shrouds, cantilevered from the bulkheads, serve to support the
heaters over their straight length.

In order to achieve an adiabatic boundary condition .at the ends of
the test specimen, auxiliary band heaters are mounted on the outside of
the test specimen at the bulkhead locations. Thermal output of the auxil-
iary heaters, though adjustable, will be fixed during the test.

Temperature control is to be achieved by means of a thermocouple
sensor mounted at the end of one of the heater support shrouds. Power
to the primary heaters will be automatically regulated to hold the system
temperature at the set point.

As a result of safety considerations, all tests are to be enclosed
in a sealed metal enclosure filled with an argon cover gas. Design of

the enclosure is now in progress.

9. DEVELOPMENT OF A SIMPLIFIED INELASTIC
DESIGN ANALYSIS FOR PIPING SYSTEMS

G. H. Workman
E. C. Rodabaugh

Battelle-Columbus Laboratories

9.1. Progress During January 1972

The research effort was initiated this month. The research project
will follow that outlined in the previous progress report,*® with the fol-
lowing exception. Upon the request, Battelle will furnish at the end of
Phase I a copy of the digital computer program generated by this effort,

a user's manual, program listing, and sample problems., This program will
be operational on the CDC 6400 computing system at Battelle-Columbus.

During the first month Battelle developed a two-dimensional straight
pipe element. The element has a circular cross section and assumes the

presence of a linearly varying bending moment along the length (constant
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shear force element). ' The formulation, at this stage, assumes that, at
any time, the curvature of the beam element has two components. One is
an elastic component, which is recoverable. The other is a creep compo-

nent, whose behavior is characterized by the following equation:

f=x (2]
where
€ = strain rate,
o = stress,
K,oo,n = material and temperature-dependent coefficients.

Assuming plane sections remain plane during bending, the above eguation
" can be integrated over the beam's circular cross section to obtain a
moment-curvature relation for the creep component of beam bending.
' Using standard finite element techniques, namely the method of ini-
tial strains, the beam element stiffness matrix and associate creep and
temperature initial force vectors were obtained. This numerical formu-
lation was then inserted in a digital computer program and simple problems
with known closed-form solutions have been solved. The basic solution
technique utilizes an iterative procedure within each time step. Fxcellent
agreement between computed and "exact" solutions has been obtained for both
creep and relaxation problems. | . |

The results of two problems are illustrated in Figs. ‘9.1 and 9.2.
Figure 9.1 is the resulting maximum bending stress and strain for a canti-
- lever beam:with a constant end displacement. Figure 9.2 is the resulting
end displacement and maximum bending strain for a cantilever beam with a
~ constant end shear. In both cases, for the scale used, there were no

plottable differences between the computed and theoretical*® solutions.

9.2, Progress During February 1972

During this month's effort the basic two-dimensional straight-uniform
- beam element was expanded to a full three-dimensional straight-uniform
beam element. The two perpendicular bending components, the axial compo-

nent, and the torsional component are all decoupled in this element. This
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element has been tested against closed-form solutions for simple example
problems, but no fully three-dimensional piping system has been analyzed
by this element,

The generation of the three-dimensional finite element computer pro-
gram was initiated, and the program progressed to the point where a three-
dimensional piping analysis of a system with given end displacements could

be attempted.

9.3. Progress During March 1972

During this month's effort the formulation of the coupled three-
dimensional straight-uniform pipe element was initiated. This element
utilizes the same basic assumptions as reported above except that the
bending, axial, and torsional creep strains are coupled together. The
development of this element has progressed to the point where extensive
numerical integration will have to be employed to obtain a solution with-
in the framework of the present digital computer program. Therefore, the
generation of the element was deferred until the formulation of the basic
uncoupled circularly curved pipe element has been completed. This will
insure that a working program as outlined in the proposal will be com-
pleted within the predicted cost and time estimates. Once the basic un-
coupled program is generated this fully coupled element will be pursued.

An example three-dimensional problem was analyzed. The basic model
of this simple piping system is given in Fig. 9.3. The curved portion
was modeled by a number of straight pipe elements, nodes 6-16. The
straight portions were divided into a number of short elements so the
distributed weight of the system could be lumped at a number of points.
The pipe was 1 1/L-in. schedule 80, and the material was Incoloy 800.

The bagic creep law for this material at 1600°F was assumed to be:
d€ _ 1.065 x 107%° ¢7-957
dt
The basic loadings (end displacements, distributed load, and thermal loads)

are shown in Fig. 9.3.
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The maximum initial strains due to the thermal loads occurred in the
plane of the piping. Figure 9.4 shows the resulting bending moment along
the length of the piping system in the plane of the piping. The moment
diagram with thermal load is approximately symmetrical. TFigure 9.5 shows
the bending strains along the length of the piping system. The high
strain concentration at the anchor, node 1, is quite evident. The 1000~
hr strain is approximately five times the initial strain at the anchor,
node 1.

Figure 9.6 shows the initial maximum bending stress and strain for
the first 0.1 hour of operation. Figure 9.7 shows a semi-log plot of the
same maximum bending stress and strain from 0.01 hour through 1000 hours.
The piping system exhibited relaxation in bending and torsion due to the
out-of-plane displacements; however, this was not as great as for the
thermal loads and no plots of these data are given herein,

Next month the generation of the uncoupled circularly curved pipe
element with a flexibility factor will be initiated. It is anticipated
that three or four months will be required to complete the formulation

of this element.
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