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FOREWORD

This is the seventh in a series of progress reports, the purpose

of which is to record and distribute quarterly the collected results

of all structural materials mechanical properties test programs

sponsored by the Reactor Research and Development Division of the

USERDA.

To be useful as resource documents, the reports in this series

must be published and distributed in a timely manner to those in the

reactor design and materials technology community who have a need of

mechanical property test data for nuclear reactor and power plant

applications. A test and material index is included to increase

the effectiveness of the report.

Reports previously issued in this series are as follows: ORNL-4936,

period ending October 31, 1973; ORNL-4948, period ending January 31, 1974;

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

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

for period ending January 31, 1975. The next quarterly report will be

for the period ending July 31, 1975, and contributions are due at ORNL

by August 15, 1975.

W. R. Martin

Metals and Ceramics Division

Oak Ridge National Laboratory
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SUMMARY

1. AEROJECT NUCLEAR COMPANY

Tensile tests of fatigue specimens following fatigue and creep-
fatigue cycling have been performed to evaluate the degradation of
mechanical properties as a function of cyclic life. Reductions in
ductility and the presence of surface cracks were observed at relatively
low fractions of anticipated cyclic life.

Work is continuing to improve the mechanical properties of Inconel
718 welds through heat treat modifications. An INEL Heat Treatment is
proposed and investigations regarding heat treat cracking with respect
to material process history are reported.

2. ARGONNE NATIONAL LABORATORY

The low-cycle fatigue behavior of Type 304 stainless steel (Heat
9T2796) that has a well-characterized initial surface roughness has
been studied at 593°C (1100°F). The fatigue tests were performed in air
at a strain rate of 4 x 10~3 sec"1 and total strain ranges between 0,5
and 2.0%. The results were compared with similar data obtained from
smooth specimens, The extent of the reduction in crack-initiation life
that results from both an initial surface roughness and an increase in
the applied strain range as well as the relation between fatigue life
and crack-initiation life has been discussed quantitatively.

Low-cycle fatigue tests at 593°C have been conducted on three
high-purity Fe-20Cr-Ni austenitic alloys to determine the influence of
microstructure on fatigue life. Alloys in the as-cast condition exhibit
lives 2 to 20 times longer than those in the wrought condition and
in conventional Type 304 stainless steel. Insertion of a 1-min tension
hold time into the loading cycle causes fatigue life to decrease, but
the as-cast materials remain the most resistant to fatigue failure.
Striation counting on fracture surfaces indicates that in excess of

75% of fatigue life is spent in crack initiation. The alloys with the
longest fatigue lives are those most resistant to surface rumpling
through inter- and intragranular deformation.

Uniaxial creep-rupture tests are being conducted on Type 304 stain
less steel specimens after exposure to flowing sodium of controlled,
nonmetallic element concentrations. The results at 700°C indicate that
the minimum creep rates at an applied stress of 90 MPa (13 ksi) are
0.086 and 0.218%/hr for the annealed condition and after 1512-hr ex
posure to flowing sodium, respectively, A comparison of the calculated
and measured values of strain indicated an absence of grain-boundary
sliding and negligible grain-boundary migration in specimens exposed to
sodium at 700°C.

IX



Fatigue tests in sodium are being conducted to investigate the
effect of the high-temperature sodium environment on the low-cycle
fatigue behavior of Types 304 and 316 stainless steel in the annealed,
annealed and aged, and sodium-exposed conditions. Results on the strain
range versus cycles to failure for annealed Type 316 stainless steel
indicate a factor of four increase in the time to failure for specimens
tested in sodium compared with similar specimens tested in air. The
carbon concentration in sodium in the range 0.03-0.3 ppm was shown to
have no significant effect on the fatigue lifetime for the mechanical
test conditions used.

3. OAK RIDGE NATIONAL LABORATORY

Elevated-temperature creep testing of the ORNL reference heat of type
304 stainless steel is continuing, and data have been updated. Some tests
have exceeded 21,000 hr.

The literature on effect of prior creep deformation on tensile
properties of various metals and alloys was reviewed. Data available to
date on tensile properties following periods of creep have been treated
in great detail. The prior creep deformation lowers the residual tensile
ductility, measured as eu (true uniform elongation), e^ (engineering total
elongation), and D£ [true tensile ductility, In 100/(100-RA)]. Fractional
prior creep elongation ec^Do~el^ was shown to best describe the changes
in residual tensile ductility. A creep strain of 1 to 2% brought the
residual tensile ductility below 10% in the range 482 to 593°C (900 to
1100°F). The data comparison to date indicated that the effect of prior
creep strain on residual tensile ductility is far greater than that
produced by thermal aging. Various possible damage functions for creep
and tensile summations are suggested.

Creep data have been updated for ten long-term (50,000 hr) creep tests.
The heat-to-heat variation in long-term stress-rupture data are presented
for ORNL and literature data for test times approaching 66,000 hr. The
stress exponents, n^ (stress-minimum creep data) and nr (stress-rupture
data), for strong heats were much greater than for weak heats. The high
stress exponents for strong heats indicate a high internal back stress in
these heats.

Chemical analyses for Nb, V, Ti, Ta, and W were repeated on 20 heats
of type 304 stainless steel. A systematic analysis on the distribution of
20 heats as a function of time to rupture and various chemical elements
showed that niobium appeared to be responsible for heat-to-heat variation.
Heats were then classified as weak, medium, and strong, and they contained
respectively 26, 96, and 160 ppm of niobium. Niobium increased the stress
exponents by raising the internal back stress, which reduces the effective
creep stress.

The relation between creep rupture and ultimate tensile strength
developed last quarter was extended to the time-to-rupture plot. For a
fixed stress and temperature, time to rupture increased with increasing



XI

ultimate tensile strength. The importance of elevated-temperature
ultimate tensile strength in selecting a new heat of austenitic stainless
steel is pointed out.

Quantitative relations of the form, P(reannealed) = A + SP(as-received)
have been developed between the tensile properties (0.2% yield, ultimate
tensile strength, and uniform elongation) for various product forms of
types 304 and 316 stainless steel in the as-received (mill-annealed) and
reannealed (laboratory-annealed) conditions. The Hall-Petch relation was
used to show that constant A describes the straightening stress for
for products if grain size remains unchanged on reannealing. The constant
B accounts for the effect of grain growth on the change in property
on reannealing.

Stress-strain curves showing the effect of 10,000 hr aging at various
temperatures are presented. The influence of aging temperature for an
aging time of 4000 hr on yield, ultimate tensile strength, and reduction
of area for several other heats is also presented. Thermal aging in the
reannealed condition changed yield strength even at 482°C (900°F); a
similar effect occurred at 593°C (1100°F) for aging in the as-received
condition. The large reduction of area obtained for heat 807 is
associated with the transformation of 6-ferrite to sigma phase.

The ORNL and HEDL results on effects of aging temperature and time
on uniform elongation of types 304 and 316 stainless steel are compared.
The differences observed were explained on the basis of an opposite
strain rate dependence of the uniform and total elongation for the
aged and unaged material.

Relations of time to rupture and time to onset of third-stage creep
with ultimate tensile strength are presented for the unaged and aged
conditions. The long-term tests on annealed and annealed-and-aged
specimens of the reference heat of type 304 stainless steel are compared.

Optical, scanning, and transmission electron micrographs are shown
for creep specimens of heat 926 of type 304 stainless steel, tested at

593°C (1100°F) and 30 ksi (207 MPa) in unaged and aged conditions. An
aging temperature of 593°C (1100°F) and higher resulted in a transition
from grain boundary to twin boundary cavaties. A tentative mechanism has
been suggested for twin boundary cavitation.

A previously reported method for parametric correlation and
extrapolation of creep ductility data has now been applied to five
different heats of types 304 and 316 stainless steels. Ductility increases
as stress and temperature increase.

The data base for the Mechanical Properties Data Storage and Retrieval
System (DSRS) has been expanded to include the results from over 5000
mechanical property tests. In addition, software developments are
continuing. The Automatic Data Acquisition System (ADAS) continues to
operate and expand.
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Dynamic elastic constant measurements on several alloys in various
conditions are in various stages of data processing, measurement, and
specimen preparation. Preparations for static measurements on 2 1/4 Cr-
1 Mo steel and type 304 stainless steel are in an advanced state, and the
first data on isothermally annealed 2 1/4 Cr-1 Mo steel containing
0.136% C are presented.

Characterization of the creep and creep-rupture behavior of commercial
16-8-2 weld metal for potential LMFBR structural applications is continuing.
A series of welds made by manual gas tungsten-arc, manual shielded metal-
arc, and automatic gas tungsten-arc processes was tested at 649°C (1200°F).
Creep strains before tertiary creep less than 1% were observed; also,
total strains and reductions of area for the automatic weld consistently
decreased with increasing rupture time. The range of rupture times
observed at any stress was about equal to the range of times expected for
type 316 stainless steel base metal.

Type 308 CRE shielded metal-arc welds that are prototypic of the
longitudinal seam and girth welds in the FFTF vessel are being aged at
482, 593, and 649°C ( 900, 1100, and 1200°F). Aging is almost complete
to 20,000 hr. Creep and creep-rupture data for specimens aged 10,000 hr and
then tested at the aging temperature are presented together with data from
comparable unaged specimens. The most significant effect is an 80 to 90%
decrease in rupture time after aging at 482°C (900°F) for either 4000 or
10,000 hr; this aging had previously been shown to cause changes in the
carbides present in the weld metal and to reduce the ultimate tensile
strength in tests performed at 482°C (900°F) .

We are creep-rupture testing at 649°C (1200°F) types 308, 316, and
16-8-2 stainless steel weldments made by the gas tungsten-arc (GTA) process.
Filler materials were fabricated at ORNL and contained varying levels of
boron, phosphorous, and titanium. Preliminary results show that the
additions of 0.5% Ti, 0.042% P, and 0.006% B to types 308 and 316 stainless
steel GTA weld deposits produce the greatest enhancement of creep strength
and long-time ductility.

High-strain-rate tensile tests were conducted on annealed 2 1/4 Cr-1 Mo
steel at 204 and 371°C (400 and 700°F). With the completion of these
tests and some recently completed tests at 2.67 x 10 /sec, it was possible
to describe the tensile behavior of this material as a function of strain

rate from 2.67 x 10~6 to 144/sec at 25, 204, 371, 454, 510, and 566°C
(75—1050°F). Three-dimensional plots of yield stress, ultimate tensile
strength, total elongation, and reduction of area are presented.

The metallurgical characterization of the annealed 2 1/4 Cr-1 Mo steel
as annealed, after aging for 26,500 hr at 566°C, and after decarburization
by sodium for 26,500 hr is complete. The change in microstructure and
carbide content has been summarized, and conclusions have been drawn
concerning the decarburization process and the effect of decarburization
and aging on elevated-temperature mechanical properties.
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Tensile tests over the range 25 to 566°C (75-1050°F) were made on
2 1/4 Cr-1 Mo steel specimens taken from two VAR forgings and an ESR.
plate; the specimens were tested in the as-received condition. The
properties are somewhat above those previously presented for these same
materials after an identical isothermal anneal.

Results are reported on the fatigue, creep-fatigue, and subcritical
crack growth studies presently being conducted on 2 1/4 Cr-1 Mo steel.
Continuous cycling tests have been conducted at 316 and 371°C (600 and
700°F) in both the low- and high-cycle regimes. At 371°C (700°F), evidence
of dynamic strain aging was found in that fatigue life reduced with a
decrease in test frequency. Results of creep-fatigue (strain hold time)
tests are summarized, and several damage summation and prediction
techniques were employed in correlating the data. Progress in character
izing fatigue crack growth behavior including the influence of mean
stress and environment is discussed.

Development of mechanical property correlations for annealed 2 1/4 Cr-
1 Mo steel continued, including investigations of Charpy impact energy
and ductile-brittle transition temperature, and a revision of earlier
results for 0.2% offset yield strength and ultimate tensile strength.

With the exception of several continuing long-term creep-rupture
tests, the experimental phase of the creep-rupture studies on the
type 308 stainless steel weld metal has been completed. Creep-rupture
results have been collected to determine the effect of specimen
orientation and location in the overlaid forging at 482, 538, and 593°C
(900, 1000, and 1100°F) ; the results are summarized and discussed.

The status of the creep-rupture characterization tests on the
different product forms of the reference heat of type 304 stainless steel
is reported. Values for the 1000-hr rupture strength at 593°C (1100°F)
range from 22.70 ksi (156 MPa) to 24.47 ksi (169 MPa). Rupture strength
and strain component data are reexamined on the basis of modulus-
compensated true stresses and true strains for the 1-in. (25-mm) plate
of the reference heat of type 304 stainless steel. Rupture data are
correlated with the Barrett-Ardell-Sherby parameter. A method of
correlating the true linear creep components is examined and found to
provide a fair approximation to data behavior in the range 482 to 649°C
(99C—1200°F) for two heats of type 304 stainless steel.

Creep-rupture lives of 21,500, 37,400, and 67,400 hr are estimated
for tests still in progress at 16, 17, and 18 ksi (110, 117, and 124 MPa)
of type 304 stainless steel heat 9T2796 5/8-in. (16-mm) bar. Life
fractions for step-load uniaxial tests have been recalculated. Progress
is described on interrupted uniaxial tests and biaxial tests. Micro-
structural instability and differences in testing procedure and specimens
are being investigated as contributors to scatter in creep results.

Tensile, creep, and subcritical crack growth rate testing of HTGR
structural alloys has continued, and low-cycle fatigue life testing has
begun. Results of tensile tests of Hastelloy X are presented, and the
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matrix of environmental creep tests on 2 1/4 Cr-1 Mo steel, 9 Cr-1 Mo
steel, and Hastelloy X is presented and discussed. Progress in
environmental crack growth studies on 2 1/4 Cr-1 Mo steel is also reviewed.

4. NAVAL RESEARCH LABORATORY

(No Report)

5. HANFORD ENGINEERING DEVELOPMENT LABORATORY

(No Report)

6. WESTINGHOUSE ADVANCED REACTORS DIVISION

Creep testing of bar- and plate type specimens was continued using
material from the ORNL type 304 stainless steel reference heat (9T2796).
Tests were performed on a notched bar base metal specimen with current
results indicating double the rupture life of plane stress specimens.
Results from a notched bar weld specimen also indicate a large rupture
life increase when compared to an unnotched weld test. A second eccen
trically loaded base metal plate test was performed and creep data for
the first 2500 hours are reported. Results are also reported for an axial
weld specimen containing a central hole entirely with the weld metal.

Creep testing of tubular specimens from the ORNL type 304 stainless
steel reference heat (9T2796) continued with short-term testing and
metallographic examination of specimens that had been previously exposed
to creep conditions. Multiaxial creep test data have been examined to
evaluate an equation for prediction of creep behavior.

7. UNIVERSITIES

UNIVERSITY OF CINCINNATI

Work on the analysis of the creep and tensile test results and its
correlation with the corresponding substructure characteristics of
AISI 304 stainless steel reference heat (9T2796) is nearing completion.
These specimens were tested at temperatures ranging from 538 to 816°C and
strain rates from 1.22 x 10"7 sec"1 to 8.33 x 10 2 sec-1. Preliminary
TEM observations suggest that the typical substructure consists of subgrains
with well-defined subboundaries at modulus compensated stress levels below
about 6 x 10~3. At stress levels above this initial critical value the
substructure consists of cells where the walls are diffused tangles of
dislocations. For the specimens tested at the fastest strain rate, i.e.,
8.33 x io-2 sec-1, the substructure consists of cells with incomplete cell
walls and patches of dislocations lying along the traces of {ill} planes.
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TEM evaluations of the substructure were performed on a set of
specimens of 304 stainless steel tested in creep to study the development
of the substructure as a function of creep strian. On initial loading
the dislocations are generated in large numbers and tangles are formed.
With increasing strain, the dislocations tend to segregrate into areas
of high dislocation density. At the end of primary creep, the substructure
takes the shape of cells and during steady state the rearrangement of
cell walls continues with a very small change in the cell/subgrain size
and total dislocation density. The misorientation angle between adjacent
cells or subgrains seems to increase during primary and secondary stages
of creep reaching more or less a saturation value at rupture.

A family of creep tests has been performed on 304 stainless steel
reference heat (9T2796) in which the stresses were changed during steady
state creep to obtain the strain-time behavior after the stress changes.
Subsequent TEM will be performed to help develop a better understanding of
the substructure and its correlation to the internal stresses.

Work is continuing on the development of the microstructure of 304
stainless steel tested in the fatigue mode at 650°C. These tests were
conducted at ANL under a Thesis Parts Program.

The influence of plastic deformation at elevated temperatures on
subgrain misorientation angles and also the effects of fatigue test temper
atures on second phase particles in alloy Incoloy 800 are presented. The
technique of determining the misorientation angles between adjacent sub-
grains is outlined and the preliminary observations suggest that the
misorientation angles between the cells is much smaller than that between
the well developed subgrain. The second phases that were developed in
alloy Incoloy 800 during the fatigue tests were identified utilizing high
resolution dark field and diffraction pattern analysis. The influence of
these second phases, viz., y", (Fe, Cr)23C6 and TiN on the cyclic stress
strain behavior is also being evaluated. Preliminary observations suggest
that the enhanced elevated temperature mechanical properties of Incoloy 80C
could be attributed to the presence of second phases.

UNIVERSITY OF CALIFORNIA, LOS ANGELES

Creep data on 2 1/4 Cr-1 Mo steel are correlated in terms of various
theoretical and empirical models. The temperature dependence is consistenl
with diffusion control in the range 449 to 566°C (930-1050°F) but not at
lower temperatures. Various relations between creep rate and stress appeal
to apply only over limited ranges of stress.

8. GENERAL ELECTRIC COMPANY

Programs for defining the effects of high temperature sodium environ
ments on the mechanical properties of 2%Cr-lMo steel and stainless steels
were initiated. The effect of a carburizing sodium environment on creep
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rupture, creep rate, and creep-fatigue properties of Type 316 stainless
steel is being determined. The test facilities for automatic load
interruptions and data accumulation have been completed. In addition,
the effect of carburizing sodium on the fatigue crack propagation rate
will be determined using a fracture mechanics approach. Pre-exposed
specimens will be subjected to continuous carburization during testing.
A matrix of tests to be conducted in this program is presented; currently,
the fabrication of the experimental apparatus is nearing completion, and
specimens are being pre-exposed in Loop A.

The effect of decarburization on creep and creep-fatigue properties
of 2%Cr-lMo base metal and weld metal is being studied. Uniaxial testing
of sodium and gas filled pipe samples is underway. The test facility for
the determination of creep-fatigue interaction effects under decarburizing
sodium is virtually complete. Effects of cycling on the rupture life of
2%Cr-lMo tubing and weld metal will be determined in this rig.



1. AEROJET NUCLEAR COMPANY

D. D. REISER

1.1 INTRODUCTION

Aerojet Nuclear Company is conducting mechanical properties in

vestigations under two programs sponsored by ERDA Division of Reactor

Research and Development. Program 06031, Fatigue Tests on Cladding

and Structural Materials, involves experimental fatigue tests on stain

less steel Types 304 and 316 as well as Type 304/308 weldments. These

tests are intended to determine the influence of irradiation, cold

work, heat treatment, heat-to-heat property variations, and temperature

on fatigue behavior. Irradiated, thermal control, as-received, and

annealed specimens are being tested at 427 to 700°C (800 to 1292°F).

Current work on irradiated material is reported in the Semi-Annual Pro

gress Report for the Irradiation Effects on Reactor Structural Materials

Program compiled at HEDL. Unirradiated work reported in this document

involves tensile testing of fatigue specimens cycled to some fraction

of their fatigue life short of failure.

Program 06084, Inconel 718 Mechanical Property Program, has as its

primary objective the acquisition of the necessary mechanical property

data to permit safe, efficient use of this material in LMFBR service.

The specific immediate application is for selected structural components

of the Clinch River Breeder Reactor Project. Other reactor service

applications which require high levels of mechanical properties at tem

peratures up to 649 C (1200 F) are also expected to make use of this

material.

What have been considered standard heat treatments for Inconel 718

have not consistently yielded acceptable ductility values for the weld

ed material. Current work involves scoping tests on material subjected

to modified thermal treatments in an effort to optimize the heat treat

ment that will yield the best mechanical properties of both base and

weld metal.



1.2 FATIGUE TESTS ON CLADDING AND STRUCTURAL MATERIALS - G. E. Korth

and M. D. Harper

1.2.1. Tensile Properties of Interrupted Fatigue Specimens

An investigation has been undertaken to evaluate changes in ten

sile properties after fatigue or creep-fatigue cycling. Hourglass

fatigue specimens of Type 304 and 316 stainless steel were cycled to

some fraction of their anticipated fatigue life and then tensile test

ed. Although total elongation and reduction in area of hourglass spec

imens do not compare exactly with standard uniform gage tensile speci

mens, the values are relatively close and are valid in establishing

trends and changes. Uniform strain, yield strength, and ultimate

strength of hourglass specimens can be compared directly with uniform

gage tensile data. Specimens were tested in air in strain control with

a ramp waveform for the fatigue portion of the test and strain control

with a constant strain rate to failure for the tensile part of the test.
-3 -1

The axial strain rate for both fatigue and tensile tests was 4x10 s

Results are reported in Table 1.1 where:

Ae = total strain range

Ae = plastic strain range
P

Aa = stress range

a = tensile stress amplitude at peak strain

a . = tensile stress amplitude at end of hold time
t ,min

N = number of cycles

Nf = cycles to failure

a =0.2% yield strength
ys

a = ultimate tensile strength
uts

e = uniform elongation
u

e = total elongation

R.A. = reduction in area

Plots of ductility vs cycle life (Figures 1.1-1.3) show that



Specizien
No.

D-57"

D-55C
3-56C
D-53c
D-53

D-59

D-60

D-54

BP-35d
EP-38

BP-17

B?-iS

5F-26

Z?-16

bf-:s

P.?-22

EP-31

BP-32.

BT-46d
ET-43d
BT-39

5T-37

Ei-38

3T-50

BT-51

87-54=

37-55'

E7-35

37-34

BT-il

BT-49

BT-52

37-3£
8-30°
8-35d
8-34

8-32e
8-31e
8-33

E2-62d
E2-33
E2-69

E2-68

E2-S0

E2-828
E2-S3

E2-81e

Material 4

Condition

316,1A
316,1A
316,iA

316,1A
316,IA
316,IA

316,IA
316,IA
304,2B
304,2B
304,2B
304,2B
304,23
304,2B
304,23
304,2B
304,2B
304,2B
304.2B
304,2B

304,2B
304.2B

304,23
304,23
304,28
304,23
304,2B

304.2B
304,23
3C4,2B
004,23
304,23
304,23

304,2B

304.2B
304,2B

304,23
304.3C
304.3C
304,3C

304,3C
304.3C
304.3C
316,4D
316,4E
316,4D
316,4D
316,4E
316,4E
316,4E
316.4E

Tensile

Hold.hr

0

0

0

0

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.5

0.5

0.5

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Table 1.1 Tensile Property Data of Type 304 and 316 Stainless
Steel Tensile Tested after an Interrupted Fatigue or
Creep-Fatigue Test3

IConditions at Last Full Cycle I

*VX

1.51

1.00

.76

0.50
1.00

1.00

0.51

0.50

1.9B

2.00

2.00

1.01

1.00

1.00

0.50

0.51

0.50

1.03

0.63

0.42

0.27

0.62

0.64

0.23
0.22

1.47

1.48

1.44

0.66
0.68

0.66

0.26

0.23

0.24

0.4 0.15

0.4 0.12

1.00 0.61

1.00 0.55

1.00 0.50

1.00 0.53

1.00 0.50

1.00 0.65

1.00 0.66

1.00 0.69

1.00 0.67

1.00 0.58

1.00 0.60

1.01 0.61

1.00 0.69

1.00 0.72

1.00 0.69

1.00 0.63

1.00 0.63

1.00 0.58

1.00 0.65

1.01 0.68

1.00 0.64

1.00 0.61

1.00 0.60

4o,

ksi

117.2

83.1

76.6

70.3

87.4

81.1

70.2

66.9

129.0

124.7

125.0

82.8

78.4

77.1

58.9

63.7

62.9

ksi

57.5

40.9

35.6

36.0

41.8

39.9

33.8

31.4

63.5

60.9

61.3

40.8

38.5

37.4

28.7

30.6

29.9

t ,mln

ksi

Cycle Test

Stopped,N

1,505
7,660

13,302

23,679
3,830
5,745

11,840
18,000

171

342

513

950

1,900
2,850
7,000

14,000
21,000

Fraction of
Cycle Life,N/Nf

1.0

1.0

1.0

1.0

0.5

0.75

0.50

0.75

0

0

0.25

0.50

0.75

0.25

0.50

0.75

0.25

0.50

0.75

0

0

0

0.5

0.75

0.50

0.50

0.50

0.25

0.50

0.75

0.75

0.5

0.75

0.75

0.25

0.30

0.50

0

0

0.25

0.25

0.50

0.50

0

0

0.5

0.75
0.25

0.25

0.50

0.50

ys,

ksi

uts,

ksi

u,X t,Z

43.5 75.1 19.0 28.6

41.6 74.9 21.2 34.4
37.9 79.3 30.0 77.1
32.0 76.7 35.4 75.1
26.7 68.1 30.6 50.3
24.5 68.0 32.5 56.9
61.9 78.6 25.2 66.2
59.1 70.1 28.2 45.2
56.9 77.3 18.8 45.2
42.5 86.0 31.0 65.9
40.0 71.1 24.0 40.5
37.7 72.1 22.9 41.9
31.0 70.1 28.2 45.2
29.4 72.6 32.7 54.1
32.6 72.5 33.3 48.0
37.7 66.5 39.7 69.4
22.7 60.0 33.3 65.9
26.2 58.8 32.9 73.9
27.2 61.1 30.1 77.2
29.4 61.2 30.6 75.3
36.9 61.2 24.4 57.8
34.4 58.3 21.0 46.1

54.7 65.0 32.0 39.8
34.6 60.4 25.9 47.5
36.7 56.9 19.0 31.0
35.5 60.3 24.0 49.9

34.2 60.2 24.9 44.4
— 60.4 18.8 40.5

35.6 55.3 13.6 25.7
20.3 55.0 20.9 70.9
23.3 54.9 28.1 42.6
35.1 58.2 27.9 84.6

37.7 57.7 30.0 65.8
57.9 75.9 15.5 72.4
51.1 68.2 11.3 51.7
40.2 62.0 10.4 26.2
37.9 55.5 6.9 10.8
38.2 60.9 19.3 57.6

37.6 62.2 21.6 76.7

Both tensile and fatigue testing conducted In strain control at 4x10
Condition legend 1A

2B

3C

4D

4E

Ht. 65808, annealed, aged 410°C for 1096 hours
Ht. 600414, as received (mill anneal).
Ht. 8043813, aged 1000 hours at 593 C.
Ht. 81583, 20% CW

Ht. 81583, 20X CW plus 1000 hours at 593°C.

54.3 25.2 — 20,000
52.4 22.3 30,000
93.9 47.5 1,100
85.6 44.0 — 1,650
85.5 40.2 37.8 300

87.1 41.9 34.4 150

85.5 40.2 37.4 300

83.3 40.3 31.4 450
84.5 41.4 43.3 450
85.2 41.8 33.3 300

83.3 39.8 33.7 450

84.5 41.3 33.8 450

84.1 40.6 33.8 147
83.0 39.6 33.8 206
76.8 35.8 27.2 294

78.7 37.7 32.4 427
81.6 39.2 34.6 427
78.3 37.1 34.1 854
78.5 37.9 35.0 854

105.1 49.7 39.6 510
89.5 41.0 34.2 762
83.9 40.8 35.9 700
82.3 41.4 35.9 719
85.2 41.2 37.4 1441
83.8 40.3 32.6 1441

ol at 4xl0"3s strain rate. d Fatigue tested to failure to establish failure curves.
Tensile tested without any prior cycling.

* Used for metallography after cycling.
Gage section ground to remove all surface cracks.

R.A. Z

25.0

50.0

57.5

67.5

62.5

60.0

57.5

47.5

50.0

65.0

50.0

47.5

47.5

60.0

55.0
68.0

66.4

65.8

62.8

66.4

53.8

45.2

41 .9

49.6

29.4

43.7

53 8

40 0

24 3

64 0

70 0

63 0

58. 0

69. 0

75. 0

25. 0

18. 0

73. 0

67.5

Test Temp,
"C

427

427

427

427

427

427

427

427

427

427

427

427

427

427

427

427

427

427

427

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593

593
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Figure 1.1 Tensile ductility of interrupted fatigue tests vs. cycle
life of Type 304 stainless steel (Ht. 600414) at 593°C
(1100°F).
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Figure 1.2 Tensile ductility of interrupted fatigue tests vs. cycle
life of Type 304 and 316 stainless steel at 593°C (1100°F).
Fatigue cycling was at 1% total strain range with 0.1 hr ten
sile hold.
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Figure 1.3 Tensile ductility of interrupted fatigue tests vs. cycle
life of Type 304 and 316 stainless steel tested at 427°C
(800°F).



ductility of Type 304 stainless steel (Heat 600414) was unchanged at

593 C (1100 F) out to 3/4 cycle life when the strain range was relative

ly low (Aefc = 0.4%). But after cyclic periods of 1% total strain range,
the ductility was significantly reduced, especially with a 0.5 hour

tensile hold period incorporated into each cycle. Yield strength ex

hibited the expected cyclic hardening of previously cycled material

but ultimate tensile strength remained unchanged regardless of cyclic

history. Another heat of Type 304 stainless steel (Heat 8043813) which

has been shown to have superior creep-fatigue resistance exhibited

less tensile ductility reductions after cycling than Heat 600414. Heat
2

81583 (Type 316 20% CW) which had also been shown to be relatively

creep-fatigue resistant in the aged condition was tensile tested after

interrupted fatigue and this material also showed less tensile ductility

reductions. Thus there appears to be a correlation that when superior

creep-fatigue resistance is exhibited, the tensile ductility will be

damaged less after interrupted creep-fatigue cycling. Tensile ductility
at 427 C (800 F) did not appear to be significantly changed after an

interrupted cycling period in both Type 316 and 304 stainless steel as

shown in Figure 1.3.

The gage section of specimens given an interrupted cycling period

were observed to contain what looked like surface cracks as shown in

Figure 1.4. Sectioning and subsequent metallography confirmed the fact

that surface cracks and surface cold work were indeed present even

though the specimen had been cycled to only a fraction of its anticipat
ed fatigue life. Specimen BT-54 which had experienced 3/4 cycle life

at 1% total strain range with a 0.1 hour hold time exhibited surface

cracks of up to 0.28mm (0.011 inches) deep (Figure 1.5a) and yet no

measurable drop in load range had been observed. Further metallographic
examination showed smaller surface cracks were present when a specimen

was cycled to only 1/4 of its anticipated cycle life as shown in Figure

1.5b. Figure 1.5c-g are surface sections of other specimens which show

the degree of surface cracks is related to the change in ductility as

noted in Figures 1.1 and 1.2. To evaluate the effects of the surface

damage as opposed to bulk material damage, a specimen (BT-55) was cycled
to 3/4 fatigue life at 1% strain range with a 0.1 hour hold (compare
with BT-54). Specimen BT-55 was then ground and polished in
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the gage section until dye penetrant inspection indicated no further

surface cracks. Surface material had to be removed to a depth of

0.32mm (0.0125 inch) to eliminate all cracks. Although the ductility

of this specimen was still not equivalent to uncycled material, a con

siderable improvement was shown which indicated the surface cracks

and/or other surface damage played a significant role in the reduced

tensile ductility.

From this investigation the following conclusions can be drawn:

1. Fatigue cycling in the creep regime of Type 304

and 316 can cause reductions in tensile ductility at relatively

low fractions of expected cycle life.

2. The incorporation of tensile hold times (creep-

fatigue damage) results in further decreased tensile ductility

of interrupted fatigue cycling.

3. A significant amount of the reduced ductility

is due to surface cracks and/or other surface damage.

4. Cracks initiate in the surface as low as 0.25

of the cycle life.

5. Material showing superior creep-fatigue resis

tance also exhibits less tendency toward ductility degradation

with cycle life and is slower to initiate surface cracks during

cycling.

1.3 INCONEL 718 MECHANICAL PROPERTY PROGRAM - G. E. Korth and

G. R. Smolik

1.3.1 Development of New Heat Treatment for Weldments

In order to obtain consistently acceptable values for weld

ductility (>12-15% elongation) a new heat treatment for Inconel Alloy

718 has been developed. This new heat treatment has been designated

as the INEL Heat Treatment and is recommended for the post heat treat

ment for Inconel 718 weldments. The INEL Heat Treatment is described

as follows:
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2000°F solution anneal for 1 hour

Slow cool to <1000°F at 100°F/hr

Duplex age at 1325 F for 4 hours and

1150°F for 16 hours

The 2000°F solution anneal is required to dissolve the undesir

able Laves phase found in the weld deposit. Although the high solution

anneal temperature causes some grain growth, the enchanced weld

ductility more than offsets the undersirable effects of larger grains.

With the slow cool and duplex age, typical room temperature mechanical

properties for either base or weld metal are shown in Table 1.2.

Table 1.2 - Typical Room Temperature Tensile

Properties of Inconel 718 Base or

Weld Metal given the INEL Heat

Treatment

Yield Strength - 145-155 ksi
Ultimate Tensile Strength - 190-200 ksi
Total Elongation - 15-25%
Reduction in Area - 25-40%

1.3.2 Strain-Age Cracking of Inconel 718

After a 2000°F solution anneal an elevated temperature ductility

minimum observed in Inconel 718 between 1350 to 1500°F is seen to be
come worse. Experience with PBF welded components has shown that if

this minimum ductility was in the range of 4-5% elongation the compo

nent would crack during the heat treating cycle. Evaluation of this

cracking showed evidence of a heat-to-heat variation in response and

therefore, seven different heats of Inconel 718 from two different

suppliers with two different process histories were tested between

1200 and 1600°F in the solution annealed condition with two cooling

rates. The results are shown in Figures 1.6 and 1.7. There is con

siderable data scatter but two conclusions may be drawn from the

tests:

1. The fast cooling rate (1200°F/hr) which
corresponds to an air cool resulted, on the average, in lower

ductility values at the minimum than the furnace cooling rate
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Figure 1.6 Elongation (1 in.) vs. Test Temperature for Inconel 718
Solution Annealed at 2000°F and Cooled at 1200°F per hour
(a); and 100°F/hr (b). V
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(100°F/hr).

2. The VIM-ESR (Vacuum Induction Melt-Electroslag
Remelt) consistently yielded higher ductility values than the

VIM-VAR (Vacuum Induction Melt-Vacuum Arc Remelt) process history
regardless of supplier.

A further investigation of the INEL Heat Treatment with respect
to the elevated temperature ductility minimum was undertaken by

solution annealing a series of specimens from two heats and quenching
at various points during the 100°F/hr cool. These specimens were
tested at the Wright-Patterson Air Force Laboratory for ANC at 1400°F

in solution annealed condition. The test temperature was chosen to

approximate the ductility minimum as seen in Figures 1.6 and 1.7. The

results are shown in Figure 1.8 where elongation and reduction in

area are plotted as a function of quench temperature. The results

indicate that the metallurgical condition at the 1850°F quench was the

most detrimental to the hot ductility and recovery was not marked until

the cooling had progressed to approximately 1500°F or lower. All the

ramifications of these results are not clearly understood at the pre

sent time, but the type, location, and size of the precipitates present
at any time undoubtedly are the controlling parameters.

1-3.3 Optimization of INEL Heat Treatment

The INEL Heat Treatment employs the 2000°F solution anneal to

dissolve the Laves phase but an examination of the time-temperature-
precipitation curve shows that a cooling curve at 100°F/hr cuts through
the nose of the Laves phase precipitation curve (see Figure 1.9). In

an attempt to evaluate the effects of cooling so as to not cut through

the Laves precipitation curve, two step-type cooling curves were

evaluated on a composite weld-heat affected zone-base metal tensile

specimens and compared with the standard INEL Heat Treatment. The

orientation of the test specimen with respect to the weldment is shown

in Figure 1.10 and the results of the tests are listed in Table 1.3.

Specimens with the INEL Heat Treatment failed in the weld metal

while the fracture for the two step-type cooling curves was located
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TABLE 1.3 ROOM TEMPERATURE TENSILE PROPERTIES OF INCONEL 718

WELDMENT WITH VARIOUS HEAT TREATMENTS

Specimen
No.

Heat

Treat
a , ksi
ys'

a , ksi
uts Elong % R.A., %

5-5-22A A 154.2 206.4 17.5 28.0

5-5-22B A 156.1 204.8 —,— 24.2

5-5-22C A 157.6 207.3 16.5 25.7

5-8-2 IB B 161.8 199.6 16.6 41.6

5-8-21C B 160.9 204.7 18.0 39.8

4-8-10A B 162.9 205.9 24.9 34.9

5-7-22A C 149.5 203.1 .. 23.3

5-7-22B C 146.3 198.5 13.2 15.7

5-7-22C C 142.2 200.0 24.9 34.0

A - INEL heat treatment (2000°F solution anneal; 100°F/hr
cool to 1000°F, air cool, aged)

B - 2000°F solution anneal; 1200°F/hr cool to 1600°F then
400°F/hr to 1000°F, air cool, aged

C - 2000°F solution anneal; 1200°F/hr cool to 1600°F
then 100°F/hr to 1000°F, air cool, aged

A, B, C - Aged 1325°F 4 hours and 1150°F for 16 hours

Figure 1.10 Orientation of gage section (0.5 inch) of tensile
specimens with respect to weldment.
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in the base metal as shown in Figure 1.11. The step-type

cooling curves may yield superior mechanical properties but this type

cooling is probably not compatible with massive welded components re

quiring large heat treating furnaces not capable of such step-type

cooling rates.
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2. ARGONNE NATIONAL LABORATORY

R. W. Weeks

2.1 INTRODUCTION

Argonne National Laboratory (ANL) is conducting an extensive program
to provide low-cycle, high-temperature fatigue data on Types 304 and 316

stainless steel in support of LMFBR component design, as outlined in a

previous report.1 The present report describes a further analysis of
surface effects on the low-cycle fatigue life of Type 304 stainless steel,
some preliminary work on microstructural effects on low-cycle fatigue in
Fe-Cr-Ni alloys, and the effects of sodium exposure on the creep and low-
cycle fatigue behavior of Types 304 and 316 stainless steel.

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

2.2.1 Effects of Surface-roughness and Strain Range on the Low-cycle
Fatigue Behavior of Type 304 Stainless Steel — P. S. Maiya

The present report is concerned with the low-cycle fatigue behavior

of Type 304 stainless steel (Heat 9T2796) that has a well-characterized

surface roughness initially introduced in smooth specimens by a silicon

carbide technique. The results are compared with similar data obtained

earlier2 from smooth specimens prepared by a mechanical polishing
technique. The extent of reduction in crack-initiation life that results

from both an initial surface roughness and an increase in the applied

strain range as well as the relation between fatigue life and crack-

initiation life has been discussed quantitatively.

The hourglass-shape specimens of stainless steel used in the present

study had a surface finish (parallel to longitudinal axis) better than

R = 0.3 um, where R is the root-mean-square (rms) value for the depth of

the surface grooves. All specimens were given the same aging heat treat

ment as described previously.2 In addition, a surface roughness of
R^2.9 ym was introduced circumferentially along the gauge length of

fatigue specimens by a controlled silicon carbide grinding technique.3'4

The low-cycle fatigue properties of these specimens were then determined
—3 1

in air in axial strain control at a strain rate of 4 x 10 sec"" at

21
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593°C. To compare the present fatigue results with the smooth specimen

data reported elsewhere,2 the same total strain ranges (Aet) were
selected, namely, 0.5, 0.75, 1.0, and 2.0%. The procedure for estimating

the number of cycles to initiate a crack length of one grain diameter

C^ 0.1 mm) is based on fatigue-striation spacing measurements4'5 and on

the validity of the crack-growth relation2'4 In a = KN, where a is the
crack length, N is the number of strain cycles, and K is a constant.

The procedure for estimating crack-initiation life has been described

elsewhere.4

The decrease in fatigue life that results from surface roughness at

different strain ranges is conveniently described by the quantity

N (R)/N_(S), where Nf(R) is the fatigue life of a specimen with R % 2.9 um,
and N (S) is the fatigue life of the smooth (mechanically polished) speci

mens. The results listed in Table 2.1 show that surface roughness de

creases the fatigue life. Furthermore, they suggest a trend that surface-

roughness effects on fatigue become more important as the strain range

decreases. These results can be understood by a simple analysis based

on crack-initiation and crack-propagation considerations.

Table 2.1. Low-cycle Fatigue-life Data for Type 304 Stainless Steel at
593°C as Affected by Surface Roughness

Cycles to Failure

Total Strain Cycles to Failure for Specimens N ,Rs
Range, for Smooth Specimens with R % 2.9 um f
% Nf(S) Nf(R) Nf(S)

0.5 31,896 10,084 0.32

0.75 8,827 4,005 0.45

1.0 4,014 2,224 0.55

2.0 700 332 0.47

aThe reproducibility of Nf(S) or Nf(R) is within 10-15%. The smooth-
specimen data are obtained from Ref. 2.
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The relation between the decrease in fatigue life Nf(R)/N,(S) and the
decrease in crack-initiation life N (R)/N (S) that results from surface

o o

roughness, following the formalism of Grosskreutz, is given by3

Nf(R)/Nf(S) =1+ 3[Nq(R)/No(S) - 1], (1)

where B is the crack-initiation life in a smooth specimen N (S)/N (S).
o f

The magnitude of the observed decrease in fatigue life at various strain

ranges listed in Table 2.1 can now be explained by using Eq. (1). A

plot of Nf(R)/Nf(S) versus Nq(R)/No(S) is constructed for arbitrarily
chosen values of B, as shown in Fig. 2.1. It shows quantitatively

how surface roughness affects fatigue life and, as explained below, how

surface-roughness effects tend to become more important at lower strain

ranges. The value of N (R)/N (S), determined previously3'4 for Ae = 1%

No(R)/N0(S)

Fig. 2.1. Plot of Decrease in Fatigue Life with De
crease in Crack-initiation Time Constructed

from Eq. (1) for Different Values of B.
B < 1.0.
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and R = 2.9 um, is 0.25. Let us suppose that the quantity No(R)/NQ(S),
which is a measure of the decrease in crack-initiation time that results

from surface roughness, depends only on R and not on the applied strain

range. Then it is clear that, at the lowest strain range Ae =0.5% for

which 8 % 0.90,2 the reduction in fatigue life read from Fig. 2.1 is

^ 0.33, which is close to the result observed experimentally (Table 2.1).

The above results have been further substantiated by determining the

number of cycles to initiate a crack length of 0.1 mm as a function of

strain range.

The fractured surfaces have been examined by scanning-electron micro

scopy, and, from the fatigue striation-spacing measurements, plots of

In a versus N were constructed as shown in Fig. 2,2. At lower strain

ranges (Ae <^0.75%), a straight-line relationship is obtained between

In a and N, as in the case of smooth specimens. At total strain ranges

> 1%, we find

\ /
d In a i ^ d In a

dN S. I dN
/a < l-2mm \ /a > l-2mm

(2)

Although it is difficult to comprehend this crack-growth behavior from a

mechanistic viewpoint, the plots of In a versus N provide a convenient

method of estimating N (R) associated with a crack of a specified length.

This crack length is assumed to be equal to 1 grain diameter (£ 0.1 mm),

which is consistent with our previous studies.2~

The fatigue life Nf(R) is given by

N,(R) = N (R) + N (R), (3)
fop

where N (R) is the number of cycles to crack initiation, and N (R) is
o P

the number of cycles to propagation. The variation of N (R) and N (R)

with strain range follows the form of the Coffin-Manson relations

N (R) =A' (Ae )"a', (*)
o P

and

N (R) =C (Ae )"Y\ (5)
P P
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where A', a', C', and y' are constants, and Ae is the plastic strain

range. The values of the constants determined from the least-squares

fit of the data are 1.511, 2.627, 1,247, and 1.33, respectively. We

have reported2 similar constants for the smooth specimens. For the case

of smooth specimens, we write the analogous equations

N.CS) = N (S) + N (S), (6)
top

and

N (S) = A (Ae ) a,
o p

N (S) = C (Ae )~Y.
P P

A comparison of Eqs. (4) and (7) is shown in Fig. 2.3, where it can be

seen that a % a', and the quantity N (R)/N (S) is insensitive to

changes in the strain range, a result which will be discussed later.

(7)

(8)
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Fig. 2.3. Crack Initiation as Influenced by Plastic Strain Range and
Surface Roughness in Type 304 Stainless Steel,

Phenomenologically, the fatigue lives N (R) and N (S) can be described

by Eqs. (3)-(8), and the representation of total life in terms of crack

initiation and crack propagation is shown in Fig. 2.4. The results show

that surface roughness affects N and not N for all strain ranges in

vestigated .

Inasmuch as surface roughness affects only the crack-initiation

life, it is meaningful to define a fatigue-strength reduction or plastic-

strain concentration factor K based on N and not on the overall fatigue

life Nf. We use the same definition for crack-initiation life for both
the smooth specimens and specimens with roughness R. The term K can

then be defined as the ratio (Ae ) /(Ae ) at the same cycle-to-crack
p o p K

initiation. The terms (Ae )g and (Ae ) are the strain ranges applied to
the smooth specimen and the specimen with roughness R, respectively, to

obtain the same number of cycles to crack initiation. For the above case,

and

N (R) = N (S),
o o

A' t(AEp)E]-°'-AKA£p)sr<\

(9)

(10)
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Fig. 2.4. Crack Initiation and Crack Propagation as a Function of Plastic
Strain Range in Type 304 Stainless Steel.

and, from Eq. (10) and from the definition of Kf, it follows that

N CR) = A (K Ae ) .
o r p

(ID

Equation (11) relates the crack-initiation life for specimens with surface

roughness R to the smooth specimen constants through K.. It is important

to point out that Kf depends only on surface roughness and remains un

affected by different strain ranges for a fixed surface roughness. There

fore, in fatigue experiments, if Ae is held constant and R is varied, we

observe that

N (R) = (constant) (Kj'
o £

(12)

where K is related to the geometrical parameters of surface roughness.

Recently, the author has examined the validity of Eq. (12) in greater

detail.6
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A comparison of the crack-initiation life in smooth specimens and
specimens with R £ 2.9 um has been made (Fig. 2.5). It is clear that the
percent of life in crack initiation decreases from 46 to 26% at the

largest strain range and from 91 to 75% at the smallest strain range used
in the present work by introducing an initial surface roughness. The
significant point of this comparison is that crack initiation occupies a
major portion of the total life at lower strain ranges, even when the

surface contains irregularities of the kind described in the present
report.

Finally, we would like to discuss the relation between fatigue life
and crack-initiation time in smooth specimens. Several years ago,
Manson7 hypothesized crack initiation and proposed an equation of the
following form for estimating N (S) in a ductile material:

Nf(S) - N (S) = N (S) = PN.C(S),

0.04

Q.
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<
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o
z
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o
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W
<
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FRACTION OF LIFE IN CRACK INITIATION

=
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Fig. 2,5. Effect of Plastic Strain Range on the Fraction of Life
Spent in Crack Initiation.

C13)
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where P and c are adjustable constants. On the other hand, other in

vestigators8 have suggested the following relation based on their crack-

initiation data:

N (S) =aNfbCS), <14)
O £

where a and b are material constants. Neither Eq. (13) nor Eq. (14)

follows from the description of fatigue life in terms of crack intiation

and crack propagation contained in Eqs. (6)-(8). It can be shown from

Eqs. (6)-(8) that the fatigue life and crack initiation are related by

Nf(S) =NQ(S) +BNod(S), (15)

where B =C/AY^a and d = y/ct. The crack-initiation data generated for
smooth specimens of Type 304 stainless steel can be fit to Eq. (15) to

obtain

Nf (S) -Nq(S) +31.52 No°'4\ (16>

and the experimental points follow the prediction reasonably well
(Fig. 2.6). It is also observed that the crack-initiation data obtained
by other investigators for several materials (e.g., annealed and aged
Type 304 stainless steel, annealed Fe-Cr-Ni austenitic alloys, annealed
Al, and annealed as well as prestrained Ni) can be described by a
form of Eq. (15), as shown in Fig. 2.7, The surface roughness, strain-

rate, and hold-time effects are not taken into account in this correlation.
However, the correlation suggests that crack initiation and crack propa

gation obey the same kinetic laws in several materials. It should also
be pointed out that all equations which describe the relation between

N and N,, although they serve as predictive tools, do not shed light on

the crack-initiation mechanisms.
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Fig. 2,6. Relation between Fatigue Life and Crack-
initiation Life for Smooth Specimens of
Type 304 Stainless Steel at 593°C.
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Fig. 2.7. Correlation between Fatigue Life and Crack-initiation
Life for Several Materials. Crack-initiation data for
Al and Ni have been kindly furnished by Laird9 and for
Fe-Cr-Ni alloys by Fiore.*0

2.2.2 Microstructural Effects in Low-cycle Fatigue — N. F. Fiore
(Visiting Scientist; Univ. of Notre Dame) and D. R. Diercks

Low-cycle fatigue tests are being conducted on three high-purity

Fe-20 wt% Cr-Ni austenitic alloys in an effort to determine the influence

of certain microstructural and submicrostructural parameters on fatigue

life.

The alloys, the compositions of which are listed in Table 2.2, have

been vacuum melted and vacuum chill-cast at the U. S. Steel Research

Laboratories and have been used in studies at the University of Notre

Dame. They represent a particularly attractive system for low-cycle

fatigue research for a number of reasons:
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Table 2.2. Chemical Composition of High-purity Fe-Cr-Ni Austenites

Element

Alloy A
(y = 10 ergs/cm ) (y =

Nickel 10.03

Chromium 17.87

Carbon 0.01%

Manganese <0.01

Phosphorus <0.005

Sulfur 0.015

Silicon 0.04

Molybdenum <0.01

Aluminum 0.008

Nitrogen 0.0051

Oxygen 0.046

Alloy B
20 ergs/<:m2) (Y

Alloy C
= 30 ergs/cm^)

14.35 18.83

17.64 17.75

0.01% 0.01%

<0.01 <0.01

<0.005 <0.005

0,007 0.010

0.03 0.04

<0.01 <0,01

0.005 0.01

0.012 0.0094

0.051 0.038

(a) The gross compositions of these alloys span the range of Cr and

Ni content of the 300 series of austenitic stainless steels used in LMFBR

applications. Moreover, their high purity minimizes problems in inter

pretation of fatigue behavior that arise from the presence of minor al

loying elements and second-phase particles.

(b) In the chill-cast condition, the heavily cored, directional-

dendritic microstructure simulates that of the thick-plate weld beads

and centrifugally cast, thick-walled stainless pipe used in the LMFBR.

(c) In the chill-cast condition, alloy A, which contains only 10

wt% Ni, exhibits a duplex microstructure consisting of cored austenite

dendrites enveloping interdendritic 6-ferrite. Alloys B (15 wt% Ni) and

C (20 wt% Ni) consist of cored austenitic dendrites. Comparisons of the

fatigue life of the three alloys in the cast condition may delineate the

role of 6-ferrite in crack initiation and growth, an important area in

practice, since 6-ferrite is a constituent in the E-308 weldments em

ployed in the LMFBR.

(d) Alloy A, which has a low Ni content, forms the a-phase during

elevated-temperature exposure, whereas alloys B and C remain G"*-free.
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Fatigue tests on aged chill-cast specimens of the three alloys may define

the effect of a-phase on fatigue life, another important practical area,

since cast and welded reactor components may develop a-phase during their

operation.

(e) In the wrought condition, the alloys are single-phase austenites

in which the Ni content varies from 10 to 20 wt%; thus, they allow the

study of the influence of this solid-solution strengthening element on

fatigue life. Moreover, because Ni decreases11'12 the stacking-fault

energy y in Fe-Cr-Ni alloys, the effect of this parameter on fatigue life

can be investigated. Table 2,2 lists the estimated values of y as a

function of Ni content for the three alloys. The values range from
2 2

10 ergs/cm for alloy A to 30 ergs/cm for alloy C. Variations in y

within this range have been found to exert a strong influence on crack

initiation and propagation in high-cycle fatigue; therefore, the

influence on low-cycle fatigue is worthy of study.

(f) The austenitic alloys can be processed to exhibit a wide range

of grain sizes. Because of the relatively high grain-boundary mobility

due to the absence of impurity-grain-boundary and precipitate-grain-

boundary interactions, the wrought microstructures may be altered in a

straightforward manner. The role of grain boundaries in failure under

creep-fatigue loading conditions may be studied systematically.

(g) Single crystals of the alloys, produced at the University of

Notre Dame, provide model systems for the study of basic deformation and

fracture mechanisms in low-cycle fatigue.

Table 2.3 summarizes the microstructural conditions developed in the

alloys and the possible microstructure-fatigue-life relations that may be

uncovered by the testing program.

2.2.2.1 Experimental

To conserve the high-purity materials, coupons of the test alloys

have been welded into end pieces of conventional Type 304 stainless steel

stock. The welded composite is then machined into a 0.38-cm-dia
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Table 2.3. Possible Microstructure-Fatigue-life Interactions in High-
purity Fe-20 wt% Cr-Ni Alloys

Microstructural

Condition

As-cast

Aged

Wrought and
Single Crystalline

Effect on Fatigue Life

f Effect of 6-ferrite in crack initiation and
propagation.

Effect of solidification substructure and tex-
L ture on fatigue life.

Effect of a-phase in crack initiation and
propagation.

C Effect of bulk Ni content on fatigue life of
samples with constant grain size.

Effect of stacking-fault energy on deformation
and fracture process.

^ Effect of grain size on fatigue life.

hourglass-gauge section fatigue specimen that incorporates the standard

button-head ends employed at ANL (Fig. 2.8). Prior to testing, the gauge

section of each test specimen is mechanically polished to a mirror finish

to eliminate surface finish as a test variable.

Material for the gauge section of the as-cast specimens is cut from

ingots so that the specimen axis coincides with the solidification

direction. The microstructure of the cast specimens consists of % 5

dendritic grains running the length of the hourglass. Figure 2.9 shows

the microstructures of alloys A, B, and C in the as-cast condition.

For the tests in which the influence of a-phase on fatigue life is to

be investigated, fabricated and polished specimens of as-cast A, B, and

C are sealed in quartz capsules under an atmosphere of 50-cm high-purity

argon and then annealed at 700°C for 100 hr. This treatment is optimum15

for the development of a-phase in austenitic stainless steels.

To develop the wrought microstructures, slugs 1.8 by 1,8 by 8 cm in

length are cut parallel to the solidification direction of the ingots.



36

-.030± .005 RAO.
NOTES

Centers in ends of specimen permissible.

Surfaces X and Y to be parallel to surface Z within 0.0005 total in
dicator reading (TIR).

Surface Z to be perpendicular to center line of specimen within
0.0005 TIR.

Surfaces X, Y, Z to be free of burrs. Corner radius not to exceed
0.005.

Diameters B, C, D, E to be concentric with Diameter A within 0.001 TIR.

Contoured center portion to have a ¥L or better. Finish grinding
the final 0.010 from the diameter of the contoured center portion in
the axial direction, completely removing all transverse marks.

7. Machining methods to be used that leave a minimum of residual stress
in contoured center portion.

Welding Instructions - Wrought End Piece to Weldment Center Piece

a. Use Type 308 stainless steel welding rod.

b. Copper chill blocks must be used on specimen gauge blank to minimize
temperature. Intermediate water quenching is permissible if specimens
are thoroughly dried before additional welding.

c. Welding must be done using low heat input rate to minimize specimen
temperature during welding.

d. Intermediate machining is permitted to maintain alignment.

e. Maintain all orientation marks during welding. Mark may he located on
end or side of blank as needed during fabrication.

Fig, 2,8. Welded Hourglass Low^cycle Fatigue Specimen,
All measurements are in inches unless noted

otherwise.
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The slugs are hot-rolled at 1100°C to 1.3-cm-dia rods and then homogenized

in quartz tubes under 25 cm of argon at 1300°C for 24 hr. The homogenized

rods are cold rolled to a 0.89-cm dia and swaged to 0,78 cm to provide

round, straight lengths for the hourglass sections of the specimens.

The cold-rolled rods are annealed at 800°C for 4 hr to produce a

fully recrystallized,16 fine-grained austenitic microstructure in each of

the three alloys. The recrystallized rods are cut into the appropriate

lengths for welding into the Type 304 stainless steel end pieces and

machining into the standard test specimens.

Most of the tests on wrought materials have been conducted on

machined and polished specimens that have been resealed in quartz cap

sules and annealed under 50 cm of argon at 1092°C for 30 min. This

treatment is the standard solutionizing anneal employed prior to testing

Types 304 and 316 stainless steel at ANL. The anneal not only eliminates

fabrication stresses introduced during specimen preparation but also

develops a standardized microstructure for comparison with the commercial

alloys tested. No carbide-precipitation aging treatment is employed

before testing because the alloys have such low carbon content.

Some of the tests on wrought materials are being conducted to es

tablish the role of grain size in fatigue behavior. These tests are made

on specimens of alloy B that have been subjected to various grain-growth

treatments. Some as-fabricated and polished samples are given an

additional 30-min anneal at 800°C to relieve fabricating stresses.

Others are given various grain-growth anneals at 1092 and 1200°C. The

microstructures of the alloys consist of equiaxed grains ranging in size

from about ASTM 8 (20 um) to ASTM 2 (150 um).

The single-crystal samples are grown by techniques described else

where.17 The as-grown crystals are sealed in quartz capsules under 25-cm

purified argon and homogenized at 1300°C for 48 hr.

Fatigue testing is conducted at 593°C in servohydraulic machines under
_3

axial strain control. A constant strain rate of 4 x 10 /sec is employed,

with total strain range varying from 0.5 to 1%. In certain tests, a

tension hold time of 1 min is inserted into the program cycle.
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Since the entire research program is in its initial stages and the

extent of the influence of each of the microstructural parameters is

unknown, the tests described in the present report are of a scoping

nature. In general, extreme values of the test variables have been em

ployed to bracket the magnitude of the effects on fatigue life or to

indicate whether any such effects exist.

2.2,2.2 Results

2.2.2.2.1 Lifetime of As-cast Materials. In Fig. 2.10, the fatigue

life of as-cast A and C is compared with that of solution-annealed Type

304 stainless steel in a logarithmic plot of number of cycles to failure

(Nf) as a function of total strain range (Ae ). The as-cast materials
have lifetimes from 3 to 20 times longer than conventional material. In

addition, alloy A, which contains interdendritic 6^ferrite, has a longer
lifetime than alloy C.

A scanning-electron-micrograph composite of a typical fracture surface

of an as-cast sample is shown in Fig. 2.11. No obvious connection exists

between fracture and microstructural characteristics. Fatigue striations
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Fig. 2.10. Cycles to Failure (N ) as a Function of Total Strain Range (AeJ.
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are evident on the surface, with their width increasing as specimen

failure is approached. If it is assumed that the widest striation marks

the position of the major fatigue crack at failure (i.e., at Nf cycles)

and if the striations are counted back toward the crack-initiation site

(with each striation representing one cycle of life), then the finest

striation resolvable defines the number of cycles necessary to initiate

a measurable crack.tt'18 Such striation counting in as-cast materials

indicates that from 75 to 95% of the sample lifetime is spent in crack

initiation and a much smaller portion is spent in crack propagation.

Figure 2.12a shows a typical scanning-electron micrograph of the

external surface of the hourglass of an as-cast sample near the crack-

initiation site. The surface shows no evidence of rumpling nor

deformation-band formation. Evidently surface relief does not develop

readily during the cycling of cast materials, so that long cycling times

are necessary to produce the surface irregularities which serve as

fatigue-crack initiators. This observation is consistent with the con

clusion that most of the fatigue life of the as-cast material must be

spent in crack initiation and suggests that the inherent low-cycle

fatigue resistance of as-cast materials should be of interest to the

designer.

2,2.2.2.2 Lifetime of Solution-annealed Equlaxed Grain Materials.

Figure 2,10 shows that alloys A and C in the solution-annealed condition

have only two-thirds the fatigue life of the baseline Type 304 stainless

steel and only about one-fifth that of the cast material. Moreover,

alloy A has a lifetime equal to alloy C, in contrast to the marked

superiority of alloy A when both alloys are in the as-cast condition.

Since the microstructures of the two alloys are identical in the wrought

condition and differ in the cast condition only in that S-ferrite is

present in alloy A, it appears that 6-ferrite improves fatigue life.

As was the case with cast materials, inspection of the fracture

surfaces of the wrought samples failed to disclose an obvious connection

between microstructure and failure. On the other hand, an examination of

the external surfaces of samples A and C does provide an explanation for
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the drastic decrease in fatigue life of wrought alloys. It is evident

from Figs. 2,12b and 2.12c that extensive surface rumpling and slip-band

formation occurs during cycling of the wrought material. The deformation

is more intense and on fewer slip systems in alloy A. This is to be

expected since alloy A, with lower y, should have a tendency to deform

by planar slip, because extended dislocations resist cross slip. An

irregular surface is generated with ease in the wrought materials.

Fatigue cracks initiate at these surface irregularities, and failure

occurs.

The importance of the crack-initiation stage of fatigue failure in

smooth specimens is reemphasized by the results of striation counting.

Over 75% of fatigue life is spent in crack initiation in both the wrought

and cast materials.

Figure 2.13 and Table 2.4 summarize striation-counting results for

wrought alloys A and C tested at 0.5, 0.75, and 1% total strain range.

As has been observed,18 striations widen monotonically as fracture is

approached. In the early stages of crack propagation, striation width,

i.e., incremental increase in crack length per cycle, is constant. More

interestingly, the six crack-growth curves are almost identical. This

indicates that bulk Ni content and stacking-fault energy have little

influence on crack propagation. Moreover, for a given Ae , total fatigue

liTe is independent of composition.

The parameter that does appear to influence fatigue life is Ae because

it determines N , the number of cycles necessary to initiate a crack. As

Ae increases N decreases, and, since the propagation stage for all samples

is similar, Nf decreases. These data provide quantitative evidence of the

importance of crack initiation in governing fatigue life in smooth samples.

2.2.2.2.3 Hold-time Tests on Cast and Wrought Materials. The con

ventional fatigue tests have indicated that bulk Ni content and stacking-

fault energy have little influence on fatigue life. The phenomenon that

apparently establishes fatigue life in smooth specimens is the formation
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Table 2.4. Striation-counting Results on Wrought Samples

Q —1
T = 593°C e = 4 x 10~ sec

Total Strain Range Cycles to Failure Cycles to Initiation Fraction of Life
Alloy Aet, % Nf \ Spent in Initiation

A

C

A

C

0.5 16,467 16,150 0.98

0.5 20,681 20,350 0.98

0.75 5,688 5,250 0.92

0.75 5,808 5,580 0.96

A 1.0 2,986 2,275 0.75
c 1.0 2,002 1,570 0.78

j>
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of surface crack-initiation irregularities. These irregularities form

more easily in wrought materials than in cast materials, so the wrought

materials have a much shorter fatigue life. For some reason, the cast

alloy that contains <S-ferrite shows maximum fatigue life.

Since austenitic alloys that have LMFBR applications will be sub

jected to periods of tension hold time interjected during periodic

cycling, a series of tests have been undertaken to establish the influence

of microstructure on fatigue life when hold times are present. The

results of the hold-time tests are summarized in Table 2.5. As with the

straight fatigue tests, the cast high-purity alloys have a longer fatigue
life than conventional wrought material, which, in turn, lasts longer
than the wrought high-purity alloys. The marked superiority of as-cast

alloy A is lost when hold times are introduced, whereas as-cast C performs
at least as well under hold-time conditions as under straight fatigue.
For the wrought alloys, including standard Type 304 stainless steel,

introduction of the tension hold time reduces fatigue life by a factor
of two to five.

A possible explanation for the deleterious effect of hold time on

fatigue life may be found in the scanning-electron micrographs of the

as-tested hourglass surfaces as presented in Fig. 2.14. In contrast

to the smooth surfaces present in cycled as-cast A, the surface of the

hold-time cast sample shows interdendritic grooves and tears. The

grooves, which probably arise through grain-boundary sliding during the

hold-time portion of the loading cycle, can serve to initiate cracks

and decrease fatigue life. Evidently, interdendritic 6-ferrite causes

accelerated intergranular deformation, and the resultant rumpled sur

face is responsible for the loss of some of the effectiveness of as-cast

alloy A as a fatigue-resistant material. The absence of extensive

rumpling and tearing in cast alloy C (Fig. 2.14b) is responsible for

its superiority to cast alloy A, the wrought high-purity alloys, and the
conventional material.

The reason for the poor performance of the wrought high-purity

alloys also is suggested by Fig. 2.14. Considerably less intragranular



Material

Table 2.5. Fatigue Life during Hold-time Tests

,-3
T = 593°C Ae = 0.75% 4 x 10

Microstructural Condition

Nf N.

(No Hold Time) (Hold Time)

304 SS Solution Annealed - 1Q92°C - 30 min 9,000 3,500

A

B

C

A

B

C

Solution Annealed - 1092*0 - 3Q min

Solution Annealed - 1Q92QC - 3Q min

Solution Annealed - 1Q92°C - 3Q min

As-cast

As-cast

As-cast

5,688 799

- 2,077

5,808 1,156

40,809 3,489

-
5,710

10,290 23,478

•p-
00
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deformation is evident after hold-time testing than after straight

cycling (compare with Fig. 2.12b and c); however, grain-boundary sliding

is obvious. The resultant intergranular surface grooves may be crack

initiators, which are responsible for shortening the fatigue life.

The influence of intergranular deformation in wrought materials

subjected to tension hold times is shown in Fig. 2.15. The obvious inter

granular fracture mode and the absence of striations indicate that the

wrought material literally separates at its seams during the hold-time

segment of the cycle.

It follows that if the microstructure is adjusted to decrease grain-

boundary (including interdendritic) area, then fatigue life under creep-

fatigue conditions will increase. Tests on wrought material of various

grain sizes and on single crystals will provide a test of this hy

pothesis.

2.2.2.3 Future Research

The results to date indicate that microstructure has a marked in

fluence on fatigue life under both straight fatigue and hold-time con

ditions. The influence appears to be most strongly associated with

crack initiation. The following test programs will be continued in an

effort to document and to provide an understanding of the structure-

property relations revealed by the preliminary tests:

1, The influence of a-phase on crack initiation and growth on

aged samples will be investigated.

2, The influence of grain size on fatigue life under both straight

low-cycle and hold-time fatigue conditions will be studied.

3, Single-crystal tests will be conducted to provide additional

information as to the role of grain boundaries. The tests

will also serve as the focal point of studies of the basic

deformation processes leading to crack initiation and growth.
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2.3 SODIUM EFFECTS ON LMFBR MATERIALS — T. F. Kassner

2.3.1 Influence of Sodium Environment on the Uniaxial Creep-rupture
Properties of Austenitic Stainless Steels — K. Natesan and

0. K. Chopra

The effect of carburization on the creep-rupture properties of

Types 304, 316, and Ti-modified 316 stainless steel, after exposure

to well-characterized sodium at temperatures between 550 and 700°C,

is being determined. Since composition and microstructure of the

material in the vicinity of the sodium-steel interface can have a

strong influence on crack initiation and propagation, the degree of

carburization resulting from the sodium environment needs to be corre

lated with the mechanical-property changes in the material.

Uniaxial creep-rupture specimens of Type 304 stainless steel were

exposed to flowing sodium at 700, 650, and 600°C for 120 to 5012 hr to

yield carbon penetration depths between ^4 and 15 mils. The 15-mil-

thick specimens were subsequently used in uniaxial creep-rupture tests

to obtain the creep curves and creep-rupture life. The creep-rupture

life and the minimum creep rate calculated from the test results for

various sodium exposure and testing conditions are listed in Table 2.6.

The results show that, for a given sodium-exposure condition, the

creep-rupture life increases, whereas the minimum creep rate decreases

as the applied stress decreases. The results at 700°C also indicate

that the minimum creep rate increases, whereas the creep-rupture life

decreases as the sodium-exposure period increases. For example, at an

applied stress of 90 MPa (13 ksi), the minimum creep rate increases

from 0.086%/hr for material in the solution-annealed condition to

0.218%/hr for specimens after 1512-hr exposure to flowing sodium. For

the same cases, the creep-rupture life decreases from 324.2 to 135.5 hr.

Figures 2.16 and 2.17 show the variation of minimum creep rate and

rupture life, respectively, with applied stress at 700°C for specimens

in the solution-annealed, aged (1000 hr at 650°C), and sodium-exposed

conditions. A similar comparison of creep test results at 650 and 600CC

will be made subsequent to conducting more tests.



Table 2.6. Creep-rupture Behavior of AISI Type 304 Stainless Steel
(Keat 9T2796) upon Exposure to Sodium Environment

Temper- Heat Na-exposure Carbon Penetration Applied Stress,
ature, "C Treatment Time, hr Depth, mils MPa (ksi)

Rupture Life,
hr

700

650

600

Annealed

Annealed & Aged3

Annealed

Annealed & Ageda

Annealed

Annealed & Aged3

0

120

504

1512

Q

0

312

1512

0

0

1512

•a

•\S

M.5

*\4

-\B

*A

90

138.5

(13)
(20)

324.2

8.6

138.5 (20) 15.6

62.5

76.5

90

125

(9)
(11)
(13)
(18)

4902.7

1052

678

125.5

55.5

69.5

90

Ul

125

(8)
(10)
(13)
(16)
(18)

2418b
600.8

159..5

36.5

12.5

55.5

69.5

76.5

90

(8)
(10)

(11)
(13)

2338b
822

182.2

135.5

138,5 (20) 68.3

138.5 (20) 57.9

104

208

(15)
(30)

760.5

22.9

83

104

173

(12)
(15)
(25)

(c)
493.6

39.9

138.5 (20) (c)

138.5 (20) (c)

152.5

173

208

242.5

(22)
(25)
(30)
(35)

(c)
631.4

250.8

34.7

*Aged 1000 hr at 650'C.

Specimen rupture life was incorrectly stated in ORNL-5104, p. 42.

Test in progress.

Minimum

Creep Rate, Z/hr

0.086

3.11

2.05

Strain at

Rupture, %

34.3

44.1

46.9

0.002 19.4

0.0113 22.9

0.0145 17.2

0.134 16.4

0.0097 33.0

0.045 42

0.190 44

0.925 52.4

2.498 47

0.011 31.9

0.043 42.6

0.128 35.6

0.218 44

0.291 27.1

0.448 41.6

0.023 19.8

1.00 28.3

0.0056 (c)
0.0424 28.3

0.515 31.2

0.0122 (c)

(c) (c)

0.0011 (c)
0.0146 13.2
0.024 9.5

0.326 14.9
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in these specimens by evaluating the change in shape of internal grains

and computing the intragranular deformation,21 The intragranular

elongation e and grain-growth factor K are given by

/* % \ 2/3 ,
£g =(w ' —\ -1' C17)

and

K = (18)

where Wwq and fc/w are the average length-to-width ratios in the sodium-
exposed specimens before and after testing, respectively; £ is measured

parallel with and w transverse to the stress axis. The contribution of

grain-boundary sliding can then be determined from the total creep strain
et by

£gb = £t ~ Y Cl9>

The measured and computed values shown in Table 2.7 indicate absence of grain-
boundary sliding and migration. The influence of carbide morphology is
also reflected in the shape of the grains in the sodium-exposed specimens.

Table 2.7. Comparison of Measured and Computed Values of Grain
Elongation in Creep-tested Specimens

Na-exposure
Time, hr

Applied Stress,
MPa (ksi)

Na Exposure
and Test

Temperature, °C

Calculated

g
K

Measured

Et

120 90 (13) 700 0.208 1.01 0.172

1512 90 (13) 700 0.426 0.98 0.440

1512 242.5(35) 600 0.161 1.08 0.150

1512 173 (25) 600 0.114 1.02 0.132
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Figure 2.20 shows the results of the grain-shape measurements on

specimens solution-annealed and exposed to sodium at 600 and 700°C. A

Gaussian distribution with a peak at six-sided grains was obtained for

specimens exposed to sodium at 600°C, irrespective of exposure time.

At 700°C, the peak shifts to between the four- and five-sided grains,

which indicates pinning of the boundaries by carbide precipitation at

a relatively early stage of sodium exposure.

The mechanical-property samples are also being examined by

transmission-electron microscopy and electron microprobe to identify

the morphology of carbides and intermetallic compounds that form during

sodium-exposure and creep-testing periods. The specimen surfaces were

polished and then etched, using a preferential potentiostatic etching

technique, with a 10% Na-CO. aqueous electrolyte to reveal only the

carbides in the sample. Carbon-extraction replicas of these surfaces
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Z
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o
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Fig. 2,20. Grain-shape Distribution for Type 304 Stainless
Steel Specimen in Annealed Condition and after
Exposure to Sodium at 600 and 700°C.
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predominantly present at the grain-boundary regions were identified as

sigma phase with a tetragonal structure. Diffraction patterns of

carbide and sigma-phase particles, identified as A and B, respectively,
are also shown in Fig. 2.22. Similar examinations are being performed
on specimens after exposure to sodium and testing at other temperatures.

The effect of test temperature on the creep behavior of sodium-

exposed specimens is being determined to substantiate the increased

creep rate observed with an increase in sodium-exposure period. Testing
of 50-mil-thick Type 304 stainless steel specimens that have been ex

posed to sodium has been initiated. Types 316 and Ti-modified 316

stainless steel specimens that have been exposed to flowing sodium will
be tested upon completion of the test program on Type 304 stainless
steel.

2-3'2 Influence of Sodium Environment on the Low-cycle Fatigue Behavior
of Austenitic Stainless Steels — D. L. Smith and G. J. Zeman

Fatigue tests in sodium are being conducted to investigate the

effect of the high-temperature sodium environment on the low-cycle
fatigue behavior of Types 304 and 316 stainless steel in the annealed,
annealed and aged, and sodium-exposed conditions. The major effects

of the sodium environment on the fatigue properties of austenitic

stainless steels relate to nonmetallic-element interactions. The low-

oxygen potential present in sodium (of the order of 10~40 torr) is
not only much lower than that of air but is substantially lower than

the oxygen potentials typical of either high-vacuum or inert-gas
environments. Therefore, enhanced crack-propagation rates, as a result

of oxidation at the crack tip, are less likely to occur in sodium than

in other environments. Carbon interactions in the stainless steel-

sodium system can contribute to two phenomena that may affect the

fatigue life of the steel. First, carburization or decarburization of

steel at the crack tip during the fatigue test may affect the crack-

propagation rate. Second, long-term exposure to sodium can result in

carburization or decarburization of the surface of stainless steel
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and substantially change the mechanical properties of the surface

region. The low-cycle fatigue tests conducted in this program are

designed to identify the relative importance of these effects for the

range of conditions appropriate for LMFBR applications.

The test materials, the facilities for fatigue testing in sodium

(FFTS), and the test procedure have been described in a previous report,

During the present report period, as-received Type 316 stainless steel

specimens in the annealed condition have been fatigue tested at 600°C
in air to confirm the validity of the test procedure. Figure 2.23

is a plot of strain range versus cycles to failure for tests conducted

at a strain rate of 4 x 10~3 sec" with a fully reversed triangular wave
form under stroke-control operation. The total strain range Aefc agrees

well with the data of Brinkman et al.,23 which were obtained from an

nealed Type 316 stainless steel specimens at 593°C in air. The plastic

strain-range data obtained in the present investigation are slightly

lower than the literature data.

10 i 1 1 1 i i i I I I 1 1 1—I I l l I | 1 1 1 1111 I—I
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AISI TYPE 316 STAINLESS STEEL
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I02 I03 10*

CYCLES TO FAILURE

Fig. 2.23 Strain Range vs Cycles to Failure for Type 316 Stainless
Steel Tested in Air at Elevated Temperature.
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Several fatigue tests have been conducted at 600°C in sodium on as-

received Type 316 stainless steel in the annealed condition. The oxygen
concentration of the sodium was maintained at 1.0 ± 0.2 ppm, and the

hydrogen in sodium was controlled at a level corresponding to a hydrogen
partial pressure of 5 x 10" torr. These values are typical of those
expected in an LMFBR. Tests were conducted at three carbon levels in

sodium (0.03, 0.06, and 0.3 ppm) that are in the range of interest for

LMFBR applications. The three carbon concentrations in sodium are (a)
slightly decarburizing to, (b) approximately in equilibrium with, and (c)
carburizing to Type 316 stainless steel at 600°C. The results plotted in
Fig. 2.24 show approximately a factor of four increase in the time to

failure for the samples tested in sodium compared with similar samples
tested in air. However, no significant effect of carbon concentration in

sodium, between 0,03 and 0.3 ppm, was observed on the fatigue lifetime for

the mechanical test conditions used, Additional tests are in progress on
samples that have been exposed to 600°C sodium for periods sufficient

to produce a 0.1-mm carbon penetration depth into the sample.
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OAK RIDGE NATIONAL LABORATORY

W. R. Martin

3.1 INTRODUCTION

The ORNL mechanical properties effort comprises several programs.

The program Mechanical Properties and Behavior for Structural Materials

deals with materials of general applicability to the LMFBR program.

Other programs are concerned with the mechanical properties of weldments

in LMFBR components, the specific materials of interest for LMFBR steam

generators, collection and correlation of mechanical data needed for

design on high-temperature LMFBR systems, and materials for the primary

circuit and steam generators of HTGR systems.

3.2 MECHANICAL PROPERTIES AND BEHAVIOR FOR STRUCTURAL MATERIALS -
C. R. Brinkman

The objective of this program is to collect mechanical property

data and material behavior for LMFBR structural and component materials.

Included in the scope of this effort are the following: (1) basic tensile,

creep, creep-rupture, and relaxation base-line data that are directly

applicable to design criteria and methods for types 304 and 316 stainless

steel reference heats and cyclic stress-strain tests performed with

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

for several heats of types 304 and 316 stainless steel determined to allow

establishment of minimum and average values of specific properties and

the equation parameters required for design purposes. This work will

include determination of property variation of samples from different mill

products within a given heat of stainless steel.

3.2.1 Mechanical Property Characterization of Type 304 Stainless Steel
Reference Heat — V. K. Sikka

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

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

type 304 stainless steel (9T2796) continued. The test times and creep
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strains for all tests have been updated and summarized in Table 3.1.

Three tests have exceeded test times of 21,000 hr and several others have

exceeded 15,000 hr. All creep tests are progressing smoothly and will be

continued during the next quarter. The creep test duration achieved during

next quarter will also permit updating the isochronous stress-strain curves.

3.2.1.2 Tensile Tests Following Periods of Creep

The literature was searched in the area of influence of prior creep

deformation (low-strain-rate deformation) on the short-term tensile

properties of types 304 and 316 stainless steel and other metals and alloys.

The summary of the literature search is presented here along with the

progress made in the ORNL test program.

The data available from the literature regarding this subject are

scarce. In fact, the only available results on the effect of prior creep

on tensile properties of types 304 and 316 stainless steel are due to

Lovell, Blackburn, and Holmes.1 Their investigation was limited to only

four tensile tests following prior creep on type 304 stainless steel and

five on type 316. Their work indicated that prior creep deformation can

significantly reduce the residual tensile elongation of these alloys.

The amount of creep strain required to reduce the tensile elongation

to the 10% level was determined1 for various test temperatures. Only 4%

prior creep strain was found necessary to reduce the tensile elongation

to the 10% level at 538°C (1000°F), whereas at 593°C (1100°F) and higher

temperatures the creep damage effect was not a significant factor.

Paxton investigated the effect of prior creep strain on residual

mechanical properties of 20%-cold-worked type 316 stainless steel. The

results showed that for low creep strain (<2%) the engineering tensile

strength was lowered whereas the ductility increased. For large creep

strains (>10%), the engineering tensile strength and ductility values

both decreased.

Most of the earlier literature 6 on the effect of prior creep on

tensile properties refers to aluminum, its alloys, and precipitation

hardenable stainless steel. The investigation of Beck3 on aluminum-clad

alloy 2024-T3 suggested the following:
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Table 3.1. (Continued)

Ratio of

Temperature Stress Time in Strain, % Creep
_

Test

(hr)

Stress f!OTnmp T)t s
Test

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

Vh* VtFlilllL^^^i. W tj

Stress0

11596 593 1100 12.0 83 15,540 0.52 0.420 1.10

10490 593 1100 10.0 69 •20,576 0.22 0.365 0.92

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

14163 593 1100 10.0 69 4,578 0.228 0.110 0.92

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

12459 593 1100 5.0 34 11,780 0.024 0.106 0.46

10855 649 1200 16.0' 110 304 2.41 12.0 1.57 Ruptured
~~j

10854 649 1200 14.0 97 761 1.60 13.0 1.37 Ruptured o

11563 649 1200 12.0 83 2,674 0.59 13.4 1.18 Ruptured

11226 649 1200 10.0 69 7,278 0.18 7.0 0.98 Ruptured

10851 649 1200 8.0 55 18,753 0.044 2.38 0.78

12255 649 1200 5.0 34 992 0.030 0.08 0.49 Discontinued

12443 649 1200 5.0 34 11,735 0.024 0.153 0.49

12460 649 1200 3.0 21 11,752 0.020 0.208 0.29

10856 704 1300 10.0 69 568 0.067 15.6 0.90 Ruptured

11562 704 1300 10.0 69 653 0.12 22.5 0.90 Ruptured

11222 704 1300 8.0 55 2,760 0.031 16.4 0.72 Ruptured

12254 704 1300 5.0 34 12,928 0.030 1.781 0.45

12461 704 1300 3.0 21 11,750 0.018 0.380 0.27

12462 704 1300 2.0 14 11,565 0.010 0.228 0.18

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

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

c

Unless otherwise noted, tests in progress.
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1. Elongation at fracture was not significantly affected by prior

creep deformation at 260°C (500°F), T/T^ = 0.57.
2. In tests at 260°C (500°F), prior creep deformation of 1.5% in

20 hr produced higher ultimate tensile and yield strengths than did

exposure to temperature without stress for the same period before tensile

testing.

Gluck et al.14 investigated the effect of prior creep deformation up

to 2% at 176, 204, and 260°C (350, 400, and 500°F) (Z7/^ = 0.48-0.57) in
10, 50, and 100 hr on short-term tensile properties of 2024-T86 aluminum

alloy. Some work was also performed1* on 17-7PH alloy after creep exposures

at 316 to 482°C (600-900°F), T/T = 0.36-0.47. The results obtained

provided the following conclusions.

1. Short-time strengths may be either raised or lowered by prior

exposure to temperature, with or without stress. Changes in strength may

be as much as 50% of the original value. The direction and magnitude of

the changes depend on the material, test temperature, creep-exposure

conditions, and property being measured.

2. Exposure to temperature in the absence of applied stress had

approximately the same magnitude of effect on subsequent properties as

did the added effect of creep during the exposure period. In most cases,

longer exposure times and larger amounts of deformation during the

exposure resulted in greater changes in mechanical properties.

3. For the 2024-T86 alloy tests, compression properties showed a

greater sensitivity to tension exposure conditions than did tensile

properties. Tension-impact strength was relatively insensitive to prior

creep exposure.

4. The most important changes are a large drop in the strength of

alloy 2024-T86 after prior creep exposure for time periods of 10 to 100 hr

and an apparent decline in room-temperature ductility of 17-7PH (TH 1050)

after prior creep exposure for 100 hr near 316°C (600°F), T/T^ = 0.36.
Bogardus et al.5 investigated the effect of prior creep deformation

on tensile properties of cold-worked unalloyed aluminum and made the

following conclusions.
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1. Small amounts of creep strain are generally associated with small

changes in tensile properties.

2. Creep strains developed in short periods of exposure appeared to

be effective in cold working the material and may even be associated with

increases in the tensile and yield strength.

3. The amount of prior creep cannot be used alone as a measure of

associated losses in tensile strength, since, for any given temperature

the amount of loss is also dependent on the length of exposure and the

creep stress.

4. The residual tensile properties after a creep exposure are directly

related to the exposure temperature; a given amount of prior creep, developed

during a given exposure, is associated with increasing losses in strength

as the temperature increases.

A limited amount of data on the influence of prior creep deformation

on short-term tensile properties of INOR-8 suggested the following:

1. Yield strength increases, while ultimate tensile strength and

total elongation decrease.

2. For a fixed stress, prior creep for short times decreases the

total elongation, whereas for long times it starts to show an increase.

The ORNL data on influence of prior creep deformation on all tensile

properties (0.2% yield, ultimate tensile strength, uniform and total

elongations, and reduction of area) of type 304 stainless steel, along

with HEDL1 data on type 316 are described here.

Creep data on the reference heat 9T2796 of type 304 stainless

steel before tensile testing are summarized in Table 3.2 and the tensile

data following periods of creep are summarized in Table 3.3. Tensile

data were calculated from original (precreep) specimen dimensions.

Reduction of area was calculated from both the pre- and postcreep dimensions.

3.2.1.2.1 Stress-Strain Curves. Engineering stress-strain curves

showing the effect of prior creep deformation are presented in Figs. 3.1

and 3.2. The sum of creep and tensile elongation is in most cases less

than the tensile elongation without any prior creep, indicating thereby

a loss in tensile elongation due to prior creep deformation. The prior
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Table 3.2. Creep Data on the Reference Heat 9T2796a of
Type 304 Stainless Steel Before Tensile Test

Temperature Stress Strain. 7,

Test
Duration

(hr)
Creep

(°c) (°F) (ksi) (MPa) Creep Total
Stage

11830b 482 900 12 83 1682.0 0.04 0.39 1

11693b 482 900 14 97 2690.0 0.14 1.06 1
11675b 482 900 16 110 2451.0 0.032 1.51 1

11641 538 1000 8 55 3170.0 0.027 0.067 1

8973 538 1000 10 69 5035.0 0.045 0.095 1

14974 538 1000 12 83 500.0 0.10 0.809 1

12445 538 1000 14 97 4498.0 0.090 1.26 1

9314 538 1000 15 103 5058.0 0.2625 1.44 2

13996 538 1000 20 138 97.5 0.056 4.43 2

8938 538 1000 30 207 1171.0 1.225 9.525 2
13710b 593 1100 10 69 2009.6 0.060 0.156 2
10554b 593 1100 14 97 8710.0 1.306 2.706 2

13755 593 1100 20 138 100.0 0.536 4.24 2

13946 593 1100 20 138 99.4 0.545 4.17 2

13853 593 1100 20 138 500.0 1.200 4.92 2

12255 649 1200 5 34 992.0 0.080 0.11 1

13951 649 1200 12 83 98.6 0.59 1.528 2

13824 649 1200 16 110 102.2 2.80 5.110 2
13764c 649 1200 16 110 244.9 14.53 16.95 Ruptured

Annealed for 0.5 hr at 1093°C (2000°F) before testing.

Specimen taken from the center of 2-in. (51-mm) plate.
other specimens were from the bottom level of the plate.

c

Test was intended to be discontinued after 500 hr.

All



Table 3.3. Tensile Properties on Reference Heat 9T27963 of Type 304 Stainless Steel After Creep Tests

Tensile Creep

Test

Temperature

°C(°F)

Creep Tensile

Proportional

Limit
Strength, ksi(MPa)

Elongation, % Reduction of Area, %

Test

(ksi) (MPa) Yield
Ultimate

Tensile

Uniform Total Overall Residual

14977 482(900) 5.28 36.4 11.0(75.8) 55.7(384.1) 38.3 44.9 68.9 68.9

13978 482(900) 6.50 44.8 11.8(81.4) 42.2 66.8 66.8

11798c 482(900) 6.10 42.0 12.2(84.1) 55.8(384.7) 43.5 53.6 71.4 71.4

14981 11830 482(900) 482(900) 19.4(133.8) 54.9(378.5) 41.6 69.3 69.2

13701 11693 482(900) 482(900) 7.12 49.1 15.7(108.3) 56.95(392.7) 38.5 43.9 63.4 63.2

13702 11675 482(900) 482(900) 12.40 85.5 21.7(149.6) 55.4(382.0) 34.2 39.3 68.1 67.9

13979 538(1000) 7.3 50.0 10.6(73.1) 51.9(357.9) 37.6 42.5 63.6 63.6

11795 538(1000) 5.6 39.0 11.0(75.8) 47.4(326.8) 71.1 71.1

14978 11641 538(1000) 538(1000) 3.6 24.8 12.2(84.1) 53.8(371.0) 36.0 41.0 70.9 70.9

15021 8973 538(1000) 538(1000) 7.4 51.0 12.3(84.8) 53.1(366.1) 36.7 33.1 67.4 67.4

15064 14974 538(1000) 538(1000) 9.2 63.4 12.4(85.5) 57.0(393.0) 36.5 47.1 67.1 66.8

15022 9314 538(1000) 538(1000) 12.6 86.9 17.3(119.3) 54.6(376.5) 30.4 36.3 61.6 61.3

15020 8938 538(1000) 538(1000) 26.4 182.0 31.3(215.8) 51.4(354.4) 22.0 26.0 44.9 39.5

14976 593(1100) 5.6 38.6 9.5(65.5) 47.3(326.1) 37.5 43.7 66.9 66.9

13980 593(1100) 5.9 40.7 10.2(70.3) 43.4 67.8 67.8

21163c 593(1100) 9.5(65.5) 47.2(325.4) 37.8 39.1 66.3 66.3

13787 12445 538(1000) 593(1100) 8.2 56.5 13.7(94.5) 46.3(319.2) 31.9 37.2 64.5 64.3

13983 13710 593(1100) 593(1100) 4.4 30.3 14.3(98.6) 46.8(322.7) 34.1 40.1 57.9 57.9

14980 10554 593(1100) 593(1100) 13.3 91.7 20.2(139.3) 43.7(301.3) 15.2 16.8 28.9 26.9

13788 13755 593(1100) 593(1100) 13.9 95.8 21.2(146.2) 45.2(311.7) 29.2 34.0 60.5 57.6

13982 13946 593(1100) 593(1100) 13.2 91.0 21.1(145.5) 46.5(320.6) 31.6 35.9 55.6 53.2

13984 13853 593(1100) 593(1100) 18.4 126.9 23.3(160.7) 45.2(311.7) 21.8 24.3 45.1 42.4

13981 649(1200) 4.5 31.0 9.5(65.5) 39.4(271.7) 32.4 41.5 47.2 47.2

14150 13996 538(1000) 649(1200) 14.3 98.6 19.05(131.4) 39.08(269.5) 28.0 38.7 46.7 44.7

14979 12255 649(1200) 649(1200) 5.0 34.5 13.9(95.8) 41.6(286.8) 29.1 38.9 52.9 52.9

14149 13951 649(1200) 649(1200) 12.8 88.3 15.8(108.9) 35.6(245.5) 31.1 40.9 43.2 42.5

13869 13824 649(1200) 649(1200) 18.5 127.6 20.05(138.2) 37.6(259.3) 21.5 25.8 38.2 35.0

Annealed for 0.5 hr at 1093°C (2000°F) before creep and tensile testing.

All properties were based on precreep dimensions. Residual reduction of area was based on postcreep
diameter.

c

Specimen gage length 5 times diameter for these specimens; all other specimens 9 times.



ORNL-DWG 75-1708

400

ORNL-DWG 75- 1710

60

400

50
350

- 40

250

1 1 1
REFERENCE HEAT OF TYPE 304 SS

TEST TEMPERATURE = 593°C (HOO°F)
STRAIN RATE = 0.044/min

Y\ \d

Ic If
EH \

g\
\ -

Y / PRETEST HISTORY

F
A

-D B

C C

E D
E

F

' G

°C(°F) ksi (MPo)

593(1100) 10 (68.95)

593(1100) 14 (96.53)

(hr) ST

2009.6

8710.0

99.4

100.0

500.0

4498.0

RAIN (7.)

0.156

2.05

-

r j

— B

(

593 (1100)

593(1100)

593(1100)

538 (1000)

20 (137.9)

20 (137.9)

20 (137.9)

14 (96.53)

1

4.17

4.24

4.92

1.26

-

16 24 32

ENGINEERING PLASTIC STRAIN (7.)

30

20

10

(b)
16 24 32

ENGINEERING PLASTIC STRAIN (%)

40

Fig. 3.1. Stress-Strain Curves for Type 304 Stainless Steel After Prior Creep
Deformation at (a) 482°C (900°F), (b) 593°C (1100°F). The specimen for curve C in
(b) was also exposed to a thermal transient of about 167°C (301°F) before the test
was discontinued.

200

150 w

100

50

48



(b)

76

ORNL-DWG 75-1707

16 24 32 40

ENGINEERING PLASTIC STRAIN (7.)

REFERENCE HEAT OF TYPE 304 SS
TEST TEMPERATURE= 649"C (1200°F)
STRAIN RATE = 0.044/min

16 24 32

ENGINEERING PLASTIC STRAIN (%)

ORNL-DWG 75-1709

400

Fig. 3.2. Stress-Strain Curves for Type 304 Stainless
Steel After Prior Creep Deformation at (a) 538°C (1000°F),
(b) 649°C (1200°F).
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creep deformation also tends to increase yield strength and lower ultimate

tensile strength, uniform elongation, and reduction of area.

3.2.1.2.2 0.2% Yield Strength. Figure 3.3 shows the effect of prior

true creep stress on the 0.2% yield strength of types 304 and 316 stainless

steel. The ORNL and HEDL data on types 304 and 316 stainless steel can

be represented by the following equations:

type 304 stainless steel, ORNL data:

S = 9.67 + 0.612ac, 482-649°C, T/Tm 0.44-0.54;

type 304 stainless steel, HEDL data:
S = 15.58 + 0.551a , 538-649°C, TlT 0.48-0.54;

Tj o vn

type 316 stainless steel, HEDL data:

5 = 17.76 + 0.615a , 538-f349°C, TIT 0.48-0.54;
y c m '

where S is 0.2% yield stress and O is true prior creep stress.
y c

In Fig. 3.4, 0.2% yield stress is plotted as a function of total

prior strain (loading plus creep) and compared with the corresponding

values from the stress-strain curves. It can be noted in Fig. 3.4 that

the specimens first crept to small strains show a large increase in 0.2%

yield strength as compared with the strains produced during the tensile

tests. At larger strains, the effectiveness of prior creep strain decreases

such that the yield strength values fall below the corresponding tensile

values. The large initial increase in yield strength due to prior creep

strain is possibly associated with dislocations produced during loading

becoming decorated with precipitates produced during creep. In tensile

tests the strain rate is so high that time does not permit the decoration

of dislocations, at least for test temperatures of 482 and 538°C (900 and

1000°F), where no serrations were observed during the tensile tests. For

test temperatures of 593 and 649°C (1100 and 1200°F), serrations were

observed during the tensile test, indicating a fast migration of atoms.

Thus, for specimens first crept at 593 and 649°C (1100 and 1200°F),

although dislocations produced on loading were decorated with precipitates

(1)

(2)

(3)
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Fig. 3.4. Comparison Between the Influence of Prior Creep Strain
(Creep and Loading) and Tensile Strain on the Tensile Yield Strength
(0.2%) of Type 304 Stainless Steel at Several Temperatures.

(possibly M23C6 type), they grew rapidly to produce an overaging condition

so that their effectiveness in strengthening was possibly lost. Transmission

electron microscopy will be performed to check the above suggested mechanism.

3.2.1.2.3 Ultimate Tensile Strength. Prior creep deformation can

result in grain boundary cavities (see Fig. 3.5, specimen tested at 593°C

and 14 ksi and discontinued after 8710 hr) and thus lower the effective

load carrying area8 with a resultant decrease in uniform elongation and

ultimate tensile strength. Plots showing the influence of life fraction

used during prior creep and fractional prior creep elongation are shown

in Figs. 3.6 and 3.7. The results in Fig. 3.7 show that the true ultimate

tensile strength ratio can reach a value of approximately 0.6 for a value

of life fraction used during prior creep approaching 0.85. The value of

a /a (0) = 0.60 is in remarkably good agreement with results calculated

by Scott et al.8 on RR58 alloy, in which creep cracks were estimated to

cover approximately 60% of the ruptured surface area. Thus, the lowering

of ultimate tensile strength ratio observed in prior creep-deformed

specimens must be associated with creep cracks.
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3.2.1.2.4 Uniform Elongation. The following definitions were used

to examine the influence of prior creep deformation on short-term tensile

uniform elongation.

True Prior Creep Strain = e
c

za = ln[(l + eL + ee)/(l + e^)] ,

where e and e are engineering loading and creep strains, respectively.

True Residual Uniform Elongation = e
u

c = ln[(l + eT + e + e )/(l + er + e )] ,
u Lew L a

where e = engineering uniform elongation.

True Creep Rupture Ductility = D

D = ln[100/(100 - RA)] ,

where RA = reduction of area.

Fractional Prior Creep Elongation = e /(D — e )
(J G Li

where e = ln(l + e£) = true loading strain.

Residual true uniform elongation is plotted as a function of true

prior creep strain in Fig. 3.8. The residual true uniform elongation,

£ , is shown as a function of t/t and e /(D — £ ) in Figs. 3.9 and 3.10.

This property shows a rather scattered decrease with increasing e and

t/t ; however, it shows a linear decrease as a function of e /(D — er),
P c c L

as shown in Fig. 3.10.

3.2.1.2.5 Total Elongation. The change in engineering residual

total elongation as functions of e and e /(D — £r) is shown in Figs. 3.11

and 3.12, respectively. Both figures show a linear decrease in cm with

e and e /(D — e_ ).
c co L
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3.2.1.2.6 True Residual Ductility. The true residual ductility was

defined as follows:

Dy = In[100/(100 - RA)] ,

and RA was calculated from postcreep and tensile dimensions. This quantity

is plotted as a function of e , e /(D — er), and t/t„ in Fig. 3.13.
a a c L x

The true residual ductility decrease due to thermal aging and

prior creep time is shown in Fig. 3.14. It can be noted from the figure

that for the same time, aging under stress (prior creep deformation)

produces a^much larger reduction in D* than does only thermal aging (no

stress).

From the linear relationships for various ductility measures, we

have calculated the prior creep deformation for 10% residual tensile
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Fig. 3.14. The Influence of Prior Creep or Thermal Aging Time
on True Residual Tensile Ductility.

ductility at various test temperatures, and the results are summarized

in Fig. 3.15. It can be noted from the figure that in the range 482 to

593°C (900-1100°F), 1 to 2% prior creep strain can result in a residual

tensile ductility less than 10%.

We tried to check if creep and tensile damage is additive and obeys

the linear summation law. The following linear summations were tried:

where DT
V0)

D Z =

" +i^-i.Do - eL V0)

^ +A_ =1
*r V0)

t t.
-C- + -± = i
t t. '

v t

(4)

(5)

(6)

true total ductility after prior creep deformation,

true tensile ductility without prior creep,

true residual tensile ductility,

true total tensile ductility, including the loading strain,
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t =
Q

t =
V

t. =
%

t, =

prior creep period,

time to rupture during creep,

tensile test time after creep,

time to rupture during tensile testing.

The results of various linear summations are presented in Figs. 3.16

and 3.17. These figures show that the linear summation rules in Eqs. (4)

through (6) are not obeyed and thus need modification. One way to modify

is to replace unity in these equations by $i, <f>2, and <J)3, such that:

c L

(7)
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The influence of prior creep deformation on <j)i, <J>2, and <J>3 is shown

in Figs. 3.18 and 3.19. The deviation from unity is a measure of net

damage produced by prior creep. In general, the deviation of damage

summation <j>i, <j>2, and 0)3 from unity increases with the increase in prior

creep deformation or life fraction used during prior creep. The damage

summation values greater than unity are hard to explain but could result

from errors in extrapolated values of time to rupture. More data are

needed to determine a summation method other than the linear summation.

Work is in progress on tests to be discontinued after very long

prior creep periods and will be reported as they become available.
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3.2.2 Heat-to-Heat Variation of Mechanical Properties of Types 304 and
316 Stainless Steel - V. K. Sikka

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

Ten long-term creep tests have been in progress on several heats of

type 304 stainless steel at 593°C (1100°F). One more test ruptured during

this quarter after 26,875 hr, leaving five still continuing. The creep

curve for this long-term test is shown in Fig. 3.20. The updated data

on the long-term tests are summarized in Table 3.4. The creep data on

additional long-term tests on weak, medium, strong, and reference heats

will be updated during the next quarter.

The ORNL long-term stress-rupture data 0*30,000 hr) and the longest

time 0*66,000 hr) data available in the literature on various heats of

type 304 have been plotted in Fig. 3.21. The ASME Code Case 1592 minimum
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Fig. 3.20. Creep Curve for Heat 544 in As-Received Condition Tested
at 593°C (1100°F) and a Stress of 17 ksi (117 MPa).

value curve has also been included. For a fixed test temperature, 593°C

(1100°F), creep-rupture properties of various heats of type 304 stainless

steel vary widely. The lO^-hr creep-rupture strength for various heats

varies from 16.5 to 28.5 ksi (113.8-196.5 MPa). The stress exponent, n ,

(l/£r = Ao r), for stress-rupture data of various heats was calculated.
The values of n varied from 8.2 to 14.45 for weak to strong heats. The

plot of minimum creep rate for various heats is shown in Fig. 3.22. Note

the wide variation in minimum creep rate observed for various heats. The

stress component for the minimum creep rate, n (e = Bo ™), ranged from

9.6 to 16.5 for weak to strong heats. In general, the stress exponents

nr and nm were low for the weak heats and high for the strong heats.
McLauchlin has shown that the stress exponent is directly proportional

to the internal back stress, ck, thought to arise largely from the presence

of particles in the alloy, and that the magnitude and temperature dependence
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337187

55697
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346544

Table 3.4. Status of Several Long-Term Creep Tests of
Type 304 Stainless Steel at 593°C (1100°F)

Condition0

A 479

A 240

Reannealed

Reannealed

A 240

479

240

479

240

240

Stress,

(ksi) (MPa)

25.0

25.0

17.0

17.0

17.0

17.0

17.0

17.0

17.0

17.0

172

172

117

117

117

117

117

117

117

117

Test

Timeb
(hr)

Ruptured

Ruptured
27,277
27,350
27,611
27,449
Ruptured
Ruptured
29,759
Ruptured

Strain, %

Loading Creep

1.81

1.37

0.72

1.49

-0.20

0.13

0.47

0.62

0.18

0.22

6.31

11.35

1.03

0.98

0.18

2.28

10.18

8.27

0.79

9.04

As received per indicated specification or reannealed 0.5 hr at 1065°C (1950*
Unless otherwise noted tests are in progress.

Minimum

Creep Rate
(%/hr)

1.4 x

1.4 x

~0

1.1

5.5

2.1

9.7

1.4

1.0

4.5

F)

10—

10-*

io—5
10-6
IO-5

10-5
IO"*
r5
,—5

10'

Iff

Time to

Rupture
(hr)

19,180

14,077

22,622

25,823

26,875
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Fig. 3.21. Heat-to-Heat Variation in Long-Term Creep-Rupture
Data for Type 304 Stainless Steel at a Test Temperature of 593°C (1100°F)
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of the exponents arise from the magnitude and dependence on temperature of

a.. Thus, it is quite possible that the strong heats contain more particles
Is

than the weak heats or the particles in the strong heat are fine and

uniformly distributed. In the next section we show that strong heats

contain more niobium than weak heats and also the stress exponents increase

with increasing niobium content.

The observed relations between n and n and niobium content and their
m r

direct proportionality to C. indicate that niobium may be responsible for
Is

increasing the internal back stress.

3.2.2.2 Heat-to-Heat Variation and Its Relation with Chemical Composition

In a continuing effort to understand heat-to-heat variation in tensile

and creep properties of 20 heats of type 304 stainless steel, chemical

analyses for impurity elements Nb, V, Ti, Ta, and W were repeated. The

results, of the new chemical analyses along with previously reported contents

of other elements are summarized in Table 3.5. The new chemical analysis

of the impurity elements had a precision of ±30% or better. Histograms

showing the distribution of 20 heats as a function of time to rupture

are presented in Fig. 3.23. A similar histogram showing distribution

of heats as a function of niobium content is presented in Fig. 3.24. The

times to rupture for 20 heats yield three distinct peaks. These peaks

for both as-received and reannealed conditions occur at 68—72, 283—336,

and 745—1195 hr for a stress of 35 ksi (241 MPa) and a test temperature

of 593°C (1100°F). Similar peaks for 30 ksi (207 MPa) and 593°C (1100°F)

occur at 125-128, 400-430, and 1920-2030 hr. A comparison of Fig. 3.23

with Fig. 3.24 shows that the peaks observed in time to rupture are reflected

by similar peaks in the niobium content distribution.

Thus, 20 heats can be classified into three categories of weak, medium,

and strong, and they contain 26, 96, and 160 ppm, respectively, of niobium.

In view of the results in Figs. 3.23 and 3.24, 20 heats were ranked according

to increasing time to rupture and niobium content.

The long-term tests were ranked according to strain accumulated after

15,000 and 5000 hr, and the heats included were again ranked according to

niobium content. The creep rankings are plotted as a function of niobium
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ORNL-DWG 75-4056

TEST TEMPERATURE 593°C (HOO'F)

i 35 ksi REANNEALED CONDITION
J 35 ksi AS RECEIVED CONDITION

'336
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nnln
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ORNL-DWG 75-4057

TEST TEMPERATURE 649°C (1200°F)

I I

30 ksi REANNEALED CONDITION

30ksi AS RECEIVED CONOITION

J2030

11920

I i

: !

400 800 1200 1600 2000

TIME TO RUPTURE (hr)

2400 2800 3200

(b)

Fig. 3.23. Distribution of 20 Heats of Type 304 Stainless Steel As
A Function of Time to Rupture. Numbers indicated by arrows are the average
values of each peak. Tested at (a) 593°C (1100°F) and 35 ksi (241 MPa);
(b) 649°C (1200°F) and 30 ksi (207 MPa).
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Fig. 3.24. Distribution of 20 Heats of Type 304 Stainless Steel
as a Function of Niobium Content. Numbers indicated by arrows are the
average values of each peak.

ranking in Fig. 3.25. It can be noted that increasing niobium rank increases

the creep ranking for most of the heats. The only exception to creep

ranking as a function of niobium ranking is heat 121, which contains 0.14% N.

Thus, the higher rank of this heat as compared with one based on only

niobium must result from additional strengthening due to nitrogen. Stone10

suggested that if precipitation plays a dominant role, the strength should

show a peak at the stoichiometric Nb:(C + N) value. In view of this, creep
ranking was determined as a function of Nb:(C + N) and is shown in

Fig. 3.26. It should be noted that Nb:(C + N) ranking does take into

account the high-nitrogen heat.

Shinoda et al.11 pointed out that in 18 Cr-8 Ni austenitic stainless

steel the coexistence of titanium and niobium, even in very small amounts,

with proper amounts of carbon makes the dispersion of M23Ce finer and more

stable, and thus increases the rupture strength. Following the same line

of argument, relations observed in Figs. 3.25 and 3.26 are easy to understand.
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The stress exponents for the minimum creep rate, n , and time to
m

rupture, n , have been plotted as functions of niobium content in Fig. 3.27,

Least squares analysis gave following equations for the two exponents:

n =6.22(Nb)l/s'96 ,
m

n = 4.04(Nb)l/4-18
v

where (Nb) is the niobium content, expressed as ppm by weight.

The increasing values of n^ and n with niobium content suggest that
niobium is probably responsible for increasing the internal back stress,
o\£ (resistance of the metal to deformation), which reduces the effective

stress, aeff, and makes the heat stronger. The effective stress, a ff,
is defined as:

eff A ^ '

where a. is the applied stress.
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Fig. 3.27. Stress Exponents as Functions of Niobium Content for
Various Heats of Type 304 Stainless Steel. The point marked (796K) was
not included in the least squares analysis.
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Transmission electron microscopy will be performed during the next

quarter to determine if indeed the M23C6 dispersion is finer in high-

niobium-content heats or if niobium increases the internal back stress

by some other mechanism.

3.2.2.3 Relation Between Creep-Rupture and Short-Term Tensile Properties
12 t

Last quarter creep-rupture strength, S , and ultimate tensile
n

strength .& were related for several heats of types 304 and 316 stainless

steel by a relation of the form:

S^ =a exp(35^) , (10)

where a and 3 are material constants.

We are continuing to seek relations between creep and short-term

tensile properties. Plots of time to rupture for 20 heats of type 304

stainless steel, in both as-received and reannealed conditions, as functions

of ultimate tensile strength at the creep test temperature are shown in

Fig. 3.28. An exception to the trend of increasing time to rupture with

increasing ultimate tensile strength is heat 121, which contains 0.14% N.

The isolation of the high-nitrogen heat from average-nitrogen heats is not

quite clear, but it could be related to a stronger strain-rate sensitivity of

ultimate tensile strength for this heat.
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Fig. 3.28. Time to Rupture as a Function of Ultimate Tensile
Strength for 20 Heats of Type 304 Stainless Steel.
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The increase in ultimate tensile strength produces an exponential

increase in time to rupture for austenitic stainless steels, whereas similar

relations cited in the literature13- 5 on 2 1/4 Cr-1 Mo are for room-

temperature tensile strength and are linear. Reasons for such differences

in relations between the two materials are not clear, except that

2 1/4 Cr-1 Mo steel can be heat-treated to produce very large increases

in ultimate tensile strength.

In general, heats with high ultimate tensile strength have long times

to rupture, and thus elevated-temperature ultimate tensile strength can

be used as a method to select a new heat for applications in which creep

is important. Work will continue in this area to examine similar relations

for not only time to rupture but other creep properties — e.g., minimum

creep rate and rupture elongation.

3.2.2.4 Relation Between Tensile Properties in the As-Received (Mill-Annealed)
and Reannealed (Laboratory-Annealed) Conditions for Types 304 and
316 Stainless Steel — V. K. Sikka, R. W. Swindeman, and
T. L. Hebble*

Mechanical property data are frequently reported on structural materials

in the laboratory-annealed condition, although they will be used in the

as-received condition (mill annealed). The difference between these

conditions is that the mill-annealed material contains straightening

stresses, which result in higher strength and lower ductility properties.

We have determined quantitative relations between the tensile properties

in the as-received and reannealed conditions for various product forms of

types 304 and 316 stainless steel.

The tensile properties — 0.2% yield strength, ultimate tensile strength,

and uniform elongation — for reannealed material were plotted as functions

of the same property as the as-received condition for test temperatures

from room temperature to 649°C (1200°F) for types 304 and 316 stainless

steel and are shown in Figs. 3.29 through 3.31. The results were fitted

to linear relations of the form:

*Mathematics Research Staff.
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P(reannealed) = A + BP(as-received) , (11)

where P stands for the tensile properties.

Constants A and B for several product forms of types 304 and 316

stainless steel are presented in Table 3.6. The 95% confidence limits

for each property are also shown in the figures. Figures 3.29 through 3.31

and constants in Table 3.6 show that reannealing lowers the yield and

ultimate tensile strengths but increases uniform elongation. For type 316

stainless steel reannealing lowered the room-temperature yield strength

of the bar by approximately 40%, compared with only 5% for the plate and

pipe. For type 304 stainless steel reannealing lowered the room-temperature

yield strength of the plate and pipe by approximately 17%. For type 316

stainless steel reannealing increased the room-temperature uniform elongation

of the bar by approximately 34%, compared with only 1% for the plate and

pipe. For type 304 stainless steel reannealing increased the room-temperature

uniform elongation of the plate and pipe by approximately 4%. Thus, it

was noted that the bar product of type 316 stainless steel showed rather

large changes in tensile properties on reannealing, as opposed to small

changes for plate and pipe products of types 304 and 316 stainless steel.

To determine the reasons for the large changes observed in tensile

properties of type 316 stainless steel bar as opposed to plate and pipe,

microstructures of various products were examined in both the as-received

and reannealed conditions, and their micrographs are shown in Figs. 3.32

through 3.34. The average grain intercepts were determined for micro-

structures in the as-received and reannealed conditions and are given for

each micrograph in Figs. 3.32 through 3.34. It can be noted from the

figures that while only small changes occurred in the grain intercept

of the plate and pipe, it approximately doubled for the bar.

The yield strength dependence on grain size is commonly expressed

by a Hall-Petch relationship of the form:

S = SQ + k d~1/2 , (12)
y y
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Table 3.6. Summary of Constants for the Relation Between Tensile
Properties in the Reannealed3 and As-Received Conditions for

Types 304 and 316 Stainless Steel

Constants and

Property Material
Standard Error Limits

A B

Yield Strength 20 heats of

ksi

MPa

type

plate
pipe

304

and
-3.30 ± 0.44

-22.8

0.922 ± 0.018

Ultimate tensile strength

ksi 2.48 ± 0.45 0.950 ± 0.007

MPa 17.1

Uniform elongation, % 1.87 ± 1.06 1.014 ± 0.021

Yield strength 4 heat s of

ksi

MPa

type

plate

pipe

316

and
-3.81 ± 0.74

-26.3

1.062 ± 0.026

Ultimate tensile strength

ksi -1.78 ± 2.0 1.005 ± 0.027

MPa -12.3

Uniform elongation, % 8.55 ± 5.03 0.87 ± 0.117

Yield strength 3 heat s of

ksi

MPa

type

bar

316
-15.26 ±3.11

-105.2

0.939 ± 0.089

Ultimate tensile strength

ksi 6.38 ± 2.16 0.840 ± 0.032

MPa 44.0

Uniform elongation, % -1.98 ± 3.46 1.382 ± 0.093

'0.5 hr at 1065°C (1950°F).

5In P(reannealed) = A + BP(as received)
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where d = average grain intercept,

So = frictional stress opposing the motion of dislocations, and

^ = measure of extent to which dislocations are piled at the grain
boundaries.

Equation (12) can be rewritten for the yield strength for the as-received,
^AR RA
o , and reannealed, S , conditions as follows:

y y

A - <**+vit •

A -s"+v^2'
where 50 and b$ = frictional stress in the as-received and reannealed

conditions, respectively, and d and d„. are the grain intercepts in the
AK RA

two conditions.

For type 316 stainless steel12 k was essentially the same for yield
y

and ultimate tensile strength correlation with (C + N)-compensated grain

size [(C + N)//d~], thus indicating that k is not a strong function of
y

strain, so that its value is the same for as-received and reannealed

conditions. Eliminating k from equations (13) and (14) gives:
y

? - isS* - ^«v<w "*) ♦ ^v" • (15)

Equation (11) for the yield strength can be written as:

S ^ =A+ BAR . (16)
y y v '

A comparison of Eqs. (15) and (16) yields

(17)
AR' RA'

war/V1/2 =
(18)
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Thus, constants A and B in Eq. (11) and Table 3.6 have been shown

to represent the amount of cold work and change in grain size on reannealing.

For plate and pipe products of type 316 stainless steel, d «» <f. ,
KA AR

giving rise to B * 1, in excellent agreement with the observed value of

1.062 in Table 3.16. Thus, for plate and pipe A=S^ - S^R, which
is the difference in frictional stresses in the as-received and reannealed

conditions and must represent the straightening stresses or the amount of

cold work.

RA .AR
For the case of bar product, d ** 2a , giving rise to B ** 0.71,

as compared with an observed value of 0.94. Thus, for the bar product,
RA _AR

the cold work is not only So — Sq , but is modified by the changes in

grain size.

RA -AR
For the plate and pipe of type 304 stainless steel, d * cf ,

which gives B «* 1, in reasonable agreement with an observed value of 0.92.

Thus, in general for small changes in grain size on reannealing,

constant A in Eq. (16) and Table 3.6 gives the amount of decrease in yield

strength due to the recrystallization process. For the case where signifi

cant grain growth takes place on reannealing, constants A and B both

describe the decrease in yield strength due to recrystallization and grain

growth.

The present work on relations between tensile properties in the as-

received and reannealed conditions has clearly shown that the bar product

in the mill-annealed condition has much greater straightening stresses

than the plate and pipe products. This is further supported by the grain

growth observed in microstructure of the reannealed bar (see Fig. 3.34),

which generally results from a critical amount of cold work present in

the material (see Fig. 3.35 for the effect of cold work on grain growth

in type 316 stainless steel).

3.2.2.5 Effect of Aging on Tensile and Creep Properties of Types 304 and
316 Stainless Steel

3.2.2.5.1 Tensile Properties. In the previous quarter16 we reported

the effect of aging temperature and time on uniform elongation of various
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in the unaged condition — see Fig. 3.38 — the change in flow stress up to

5% strain after 10,000 hr was independent of aging temperature. The ulti

mate tensile strength showed a large decrease on aging, and it varied with

the aging temperature. For the strong heats, 845 and 926, total elongation

decreased with increasing aging temperature. The maximum loss in total

elongation for heats 845 and 926 and the reference heat was about 14%,

compared with only about 8% for heat 807.

The influence of aging for 4000 hr at several temperatures on various

heats is presented in the following figures for comparison with 10,000-hr

data presented in Figs. 3.36 and 3.37. Figure 3.39 shows the influence

of aging temperature on the yield strength of various heats aged in both

as-received and reannealed conditions. It can be noted that aging in the

reannealed condition increases the 0.2% yield strength for all aging

temperatures, 482, 593, and 649°C (900, 1100, and 1200°F). Aging

performed in the as-received condition produced no change for an aging

temperature of 482°C (900°F), whereas the yield strength increased for

aging at 593 and 649°C (1100 and 1200°F).

The ultimate tensile strength data are plotted as functions of aging

temperature in Fig. 3.40. Aging in the as-received condition caused almost

no change in ultimate tensile strength, whereas aging in the reannealed

condition lowered it. This lowering occurred for aging at 482°C (900°F)

and is quite similar to the change observed in the yield strength, shown

in Figs. 3.36, 3.37, and 3.39.

The influence of aging temperature on reduction of area of various

heats in the as-received and reannealed conditions is presented in

Fig. 3.41. Most of the heats showed no change in reduction of area for

aging below 593°C (1100°F). Thermal aging at 649°C (1200°F) lowered the

reduction of area for all heats. Heat 807 showed a large decrease in

reduction of area for all aging temperatures from 482 to 649°C (900-1200°F).

The influence of aging time at 649°C (1200°F) on reduction of area is

shown in Fig. 3.42. It should be noted that the loss in reduction of area

is greater for heat 807 than for other heats. The greater loss in reduction

of area for heat 807 can be explained by the microstructural changes

observed in Fig. 3.38. The elongated light areas in (a) and (b) were
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identified by a magnetic etching technique as 6-ferrite. On aging, these

areas start transforming to another phase, shown as black areas in

Fig. 3.38(c) and (d). Magnetic etching and color staining techniques

showed that the black areas are sigma phase, whereas some light areas

among the black areas are untransformed 6-ferrite. Sigma phase has been

reported17'18 to impair ductility. Thus the loss in reduction of area

on aging for heat 807 has been associated with the sigma phase. The

greater amount of decrease in ultimate tensile strength on aging for this

heat is also thought to be associated with sigma phase.

Tensile results from HEDL on aged types 304 and 316 stainless steel

are available1 for aging 3050 hr at 427, 482, 538, 593, and 649°C (800,

900, 1000, 1100, and 1200°F) and testing at 538, 593, and 649°C (1000,

1100, and 1200°F). The ORNL and HEDL results on uniform elongation are

plotted together in Figs. 3.43 and 3.44. The ORNL data used for comparison

were on heat 845 of type 304 and heat 613 of type 316 stainless steel.

Both these heats were quite similar in chemical composition to heats used

by HEDL. One important difference between the ORNL and HEDL data is that

HEDL values of uniform elongation in the unaged condition were far lower

than ORNL data. The HEDL data on type 304 stainless steel show a decrease

in uniform elongation for an aging temperature of 427°C (800°F), increase

for 482°C (900°F) and a decrease for 538°C (1000°F) and higher. The HEDL

data for type 316 stainless steel showed no change on aging even at 649°C

(1200°F). The ORNL data on type 304 stainless steel showed little or no

decrease for an aging temperature of 482°C (900°F), whereas considerable

decrease was observed for aging at 593 and 649°C (1100-1200°F). The ORNL

data on type 316 stainless steel showed losses in uniform elongation for

all three aging temperatures. The decrease was from 46 to 25%, and

greatest for an aging temperature of 649°C (1200°F).
The major difference in testing conditions for the two laboratories

was the strain rate. HEDL used a strain rate of 0.0018/min, as opposed to

0.04/min used by ORNL. Steichen and Paxton,19 in a report on the effect
of strain rate on the mechanical properties of austenitic stainless steels,

have shown that uniform elongation for type 304 stainless steel shows the

following behavior:
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1. At test temperatures below 538°C (1000°F), uniform elongation is

lower for a strain rate of 0.044/min than for 0.0018/min.

2. At test temperatures above 538°C (1000°F), uniform elongation is

higher for a strain rate of 0.044/min than for 0.0018/min.
3. Total elongation also shows a similar but more pronounced reversal

in strain rate effect at a test temperature of 538°C (1000°F).
Thus, the lower values at 593°C (1100°F) observed1 by HEDL for
annealed types 304 and 316 stainless steel must be associated with the
lower strain rate than that used by ORNL. The ORNL data20 on strain-rate
dependence of uniform and total elongations for unaged and aged reference
heat of type 304 stainless steel are shown in Figs. 3.45 and 3.46. The
figures show that the strain-rate dependence of the aged material is
opposite to that for the unaged material. Furthermore, at a strain rate
of approximately lO^/sec aging is not expected from Fig. 3.45 to produce
any change in uniform elongation. The strain rate used by HEDL was
3 x 10_5/sec, which from Fig. 3.45 is expected to produce a small reduction
in uniform elongation, in excellent agreement with the data.
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The strain-rate dependence of total elongation for aged material,
Fig. 3.46, appears much stronger than that of uniform elongation. The
strain rate for no change in total elongation on aging is about 10'Vsec,
as compared with 10~5/sec for the uniform elongation. Thus, HEDL results
on total elongation are expected to show no change to an increase in

total elongation on aging. HEDL observed an increase in total elongation
and stated, "it is interesting to note that the data at 649°C (1200°F) for
type 304 stainless appears to reflect the increased tensile elongation
resulting from thermal aging at this temperature." Now, we have shown

that ORNL results showing a decrease and HEDL results showing no change or
increase in uniform and total elongation are just a consequence of different
strain rates. The question that remains unanswered is as to why the
strain-rate dependence of uniform and total elongations for the aged
material shows an opposite effect.

3'2,2'5-2 Creep Properties. The ORNL data on the effect of thermal
aging on the short-term creep properties of several heats of type 304 stain
less steel were reported previously.20'21 The changes on aging in time to
rupture and onset of third-stage creep are shown as functions of corre

sponding changes in ultimate tensile strength in Fig. 3.47. It can be

noted that the time to rupture follows the same trend as ultimate tensile

strength. For example, the decrease in ultimate tensile strength followed
a corresponding decrease in time to rupture and time to onset of third-

stage creep. The high-nitrogen heat (121) is an exception to this general
behavior.
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In addition to the short-term creep tests, several long-term creep tests

are also in progress on the aged material. Figure 3.48 compares the creep

tests on annealed specimens and specimens that had been annealed and then

aged for 4000 hr at 482°C (900°F). It can be noted that the test on the

annealed specimen had ruptured after 4554 hr, whereas the test on the aged

specimen has gone 6400 hr and is still continuing. The aged specimen showed

a slight decrease in loading strain, but the strain accumulated during

primary creep is larger. The progress on this and other long-term creep

tests on the aged material will be reported next quarter.

3.2.2.5.3 Microstructure. The creep curves on heat 926 were presented
2 1

last quarter to show the effect of aging temperature for an aging time

of 10,000 hr. The creep curve shown for unaged material was for the

reannealed condition, whereas the other curves were for material aged in
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the as-received condition. Therefore, a creep test was completed for an

unaged specimen in the as-received condition. The updated creep curves

showing the effect of reannealing and 10,000 hr thermal aging are pre-

sented in Fig. 3.49. The general comments presented earlier on the

effect of aging on creep data remain unchanged, except that Fig. 3.49 now

shows that reannealing also lowers the time to rupture.

The macro- and micrographs of the unaged and aged specimens are

presented in Figs. 3.50 through 3.52. The increase in rupture elongation

and reduction of area on thermal aging are obvious from Fig. 3.50. The

microstructures in Fig. 3.51 show grain boundary cavities for the unaged

specimen and one aged for 10,000 hr at 482°C (900°F). The microstructures

in Fig. 3.52 show twin boundary cavitation for specimens aged for 10,000 hr

at 593 and 649°C (1100 and 1200°F). The comparison of microstructures in

Figs. 3.51 and 3.52 shows that the transition from grain to twin boundary

cavitation starts at an aging temperature of 593°C (1100°F). Furthermore,
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nucleated at the junction of incoherent and coherent twins, along the

coherent part of the twin. Furthermore, the grain boundaries (which are

incoherent), like the incoherent part of the twin, also tend to stop the

propagation of twin cracks.

The creep specimen aged for 10,000 hr at 649°C (1200°F) was also

examined in a scanning electron microscope. A typical set of scanning

electron micrographs is presented in Fig. 3.54. The micrographs show two

twin cracks, one being stopped from propagating by the incoherent steps

of the twin. The more significant observation from Fig. 3.54 is the

difference in the nature of the precipitate at the twin and grain boundaries.

The grain boundary precipitate appears more continuous, compared with a

spotty or discontinuous precipitate at the twin boundaries.

Transmission electron micrographs on the unaged specimen and one

aged for 10,000 hr at 649°C are shown in Fig. 3.55. The precipitate

particle sizes and densities were measured for the annealed and aged

specimens and are summarized in Table 3.7. It can be noted again from

Fig. 3.55 that the precipitate is more continuous at the grain boundaries

of the aged specimen compared with the unaged specimen. It should also

be noted that no precipitate was observed at the twin boundaries of the

annealed creep specimen. The precipitate size and density in the matrix

and precipitate size at the grain boundary of the aged specimen are much

greater than those observed in the annealed specimen. The ORNL precipitate

size data on heat 926 of type 304 stainless steel compare remarkably with

those reported by Etienne et al.22

One important difference between the unaged and aged specimens is

that for the unaged specimen the precipitate particles nucleate and grow

during the creep test, whereas for the aged specimens the precipitate was

present before creep and might have grown some during the creep test. The

matrix precipitate in the aged specimen results in precipitation hardening,

as evidenced by the increase in yield strength (see Fig. 3.37) and decrease

in the loading strain (Fig. 3.49). For the unaged specimen, the grain

boundary precipitate initiates22 approximately 10 hr after the start of

the test, whereas the matrix precipitate initiates only about 500 hr after

the start of the test at a temperature of 593°C (1100°F). For the unaged







Table 3.7. Summary of Precipitate Data for Heat 926 of Type 304 Stainless Steel

Temperature, °C(°F)
Precipitate Character at Various Locations

Time, hr

Aging Test Aging

593(1100)

593(1100)

649(1200) 593(1100) 10,000

649(1200)

Matrix

Test
Size

(ym)

Density
(cm"3)

122,580 0.069 5.7 x 10

~2,580 0.020 b

780 0.130 4.3 x 10

"11,000 0.05-0.10 b

1 3

Grain Boundary Twin Boundary
Reference

Size Density Size _
/\ /-i\ / \ Density(ym) (cm ') (ym)

0.35 4.8 x 10* a

-0.30 b b

1.26 1.15 x 101* 0.20

1.0 b b

a ORNL

b c

b ORNL

b c

None observed.

Not measured or reported.

CC. F. Etienne, W. Dortland, and H. B. Zeedijk, "On the Capability of Austenitic Stainless Steel
to Withstand Cyclic Deformation During Service at Elevated Temperature," Paper Presented at the
International Conference on Creep and Fatigue in Elevated Temperature Applications, Philadelphia,
September 1973, and Sheffield UK, April 1974.

U)
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specimen of heat 926 tested at 593°C (1100°F) and 30 ksi (207 MPa), the

second-stage creep starts at approximately 350 hr (Fig. 3.49). Thus,

nucleation and growth of matrix precipitate particles must be occurring

during the second-stage creep of the unaged specimen.

Ansel and Weertman23 developed a dislocation creep model for the effect

of dispersed particles on steady-state creep. The basis of the theory

involves the climb of mobile dislocations over particles and their annihi

lation by dislocations of opposite sign on neighboring parallel slip

planes. According to the Ansell and Weertman model, minimum creep rate

is given by

e = £>xhD X2/dG3kT , (19)
m s v '

where x = applied shear stress,

D = self-diffusion coefficient,

A = interparticle spacing,

d = particle diameter, and

G = shear modulus.

For identical test conditions, the ratio of the minimum creep rate in

aged and unaged conditions can be expressed as

^(ag6d) XA '>
tm(unaged) ""2^- ' <20>

The interparticle spacing can be related to the particle size and density

by the relation

X = 1//W . (21)

Combining Eq. (21) with (20) gives:

yaged) tf d£
(22)em (unaged) ^d2
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Substituting values of particle size and density from Table 3.7 into

Eq. (22) yields e (aged)/e (unaged) ** 1/27, as opposed to a value of

approximately 19 observed in the present investigation. Such a large

difference between theory and experimental data can be rationalized only

if Eq. (19) is valid in a different particle size and spacing range than

that observed in the present investigation or such mechanism is not

applicable here. Qualitatively, we expect the carbides nucleating and

growing during the second-stage creep of the unaged specimen to anchor

the dislocations and impede recovery effectively.21* Such a

process would decrease the creep rate and thus increase the time to rupture.

For the aged specimen carbides exist before testing. Although they increase

the yield strength, they prevent the formation of dislocation substructure

and thus may accelerate dislocation recovery and minimum creep rate. The

above suggestions are consistent with the results of Garofalo et al.,

where prestrain followed by precipitation led to a 25-fold increase in

the time to rupture.

The initiation of intergranular cavitation requires the presence of

the following:26

1. grain-boundary sliding,

2. high intragranular flow strength,

3. nonwetting inclusions (oxides etc.) at the grain boundaries,

4. impurity segregation at grain boundaries preventing grain boundary

migration,

5. brittle film formation at the grain boundaries, and

6. denudation phenomenon in alloys

and absence of the following:

1. grain-boundary migration,

2. high cohension between the particle and matrix,

3. a phase change, and

4. recrystallization.

Garofalo investigated the influence of grain boundary precipitate

morphology on the intergranular cavitation of type 316 stainless steel.

For the annealed condition small closely spaced carbide particles are

precipitated at the grain boundaries at 593°C (1100°F). No grain
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boundary migration is possible under these conditions; the elongation at

rupture is low and the fracture totally intergranular. The present results

for heat 926 of type 304 stainless steel show small (0.35-ym) closely

spaced particles (0.21 ym apart) after tests at 593°C (1100°F) and 30 ksi

(207 MPa). The fracture under these conditions was intergranular,

Fig. 3.51(a), with a rupture elongation of 28.0%. Thus, it is quite possible

that intergranular cavitation in heat 926 occurred by a mechanism suggested

by Garofalo for type 316 stainless steel tested under similar conditions.

Garofalo26 pretreated type 316 stainless steel for 24 hr at 816°C

(1500°F) before testing at 593°C (1100°F). This pretreatment increased

rupture life and elongation. The increase in time to rupture was suggested

to have resulted from the grain boundary migration that occurred during

pretreatment. The pretreatment was thought to have spheroidized the

precipitate, as compared with the fine precipitate formed in the annealed

material during testing at 593°C (1100°F). The fracture behavior of the

pretreated specimen was still intergranular, but no cracks were observed

along the precipitate-matrix interface. The lack of cracks along the

precipitated particle was considered as the possible result of strong

adherence between the matrix and the particles. In the present investigation,

thermal aging for 10,000 hr at 649°C (1200°F) increased the grain boundary

precipitate particle size from 0.35 ym in the unaged condition to 1.26 ym

and particle spacing from 0.21 to 0.87 ym. Contrary to the results of

Garofalo, the time to rupture decreased by 75%, and no intergranular

cavities were observed. Instead, the cavities were all along the twin

boundaries (Figs. 3.52—3.54). The absence of grain boundary cavities may

be the result of the following conditions produced by thermal aging:

1. Intragranular flow strength was lower than that of grain boundaries.

The intragranular deformation, £ , was calculated by the following
2 7

relation:

\w lo)
2/:

^-l^-TTl -1. (23)
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where to/wo and t/w are the average length-to-width ratios in the annealed

and deformed specimens, respectively, £ being measured parallel and w

transverse to the stress axis. The calculated value of e was 75%, which

compared extremely well with the true measured ductility of 75.3%, thus

indicating that total deformation was all intragranular.

2. Coarse precipitates in the aged specimen might have resulted in

grain-boundary migration, as observed by Garofalo26 in pretreated type 316

stainless steel.

3. The coarse precipitate at the grain boundaries of the aged specimen

might have more cohesion with the matrix than the fine precipitate at the

twin boundaries of the aged specimen and at grain boundaries of the unaged

specimen. Such a possibility is suggested because cavitation was observed

at the location of small precipitate particles (grain boundaries of the

unaged tested specimen and twin boundaries of the aged tested specimens).

All above-mentioned factors might be operating to prevent grain-

boundary cracking.

Greenwood et al.28 investigated the intergranular cavitation in

stressed metals (copper, a-brass, and magnesium) containing annealing twins

and showed that no cavities were associated with twin boundaries. Hull

and Rimmer29 investigated cavitation in copper and pointed out that voids

do not form on twin boundaries even when the boundaries are transverse to

the applied stress. The only observation where twin cracks have been

reported in type 304 stainless steel is by Michel, Nahm, and Moteff.30
Specimens showing twin cracks had been tested at 649°C (1200°F) and a strain
rate of 8.3 x l0_5/sec. The average strain rate at which twin cavities

were observed in the present investigation varied from 1.6 to 1.9 x 10 /sec.
Furthermore, specimens showing twins were aged for 10,000 hr at 593 and 649°C
(1100 and 1200°F) and both tested at 593°C (1100°F). Although the strain
rate used in present investigation was 0.002 times that used in the inves

tigation of Michel et al.,30 the twin cavities in both cases were maximum
for boundaries inclined between 30 and 90° to the direction of the applied

stress, whereas only few cavities occurred at angles less than 30°. Such
an observation is quite consistent with the results26 on distribution of

grain boundary cavities.
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The observation that many cracks occur along the maximum shear stress

axis, and they are distributed similarly to grain boundary cavities, suggests

that the twin-boundary sliding may be a possible cause for cavity nucleation.

The coherent part of the annealing twin (where cracks have been

observed) is bounded by {ill} planes. In contrast, short incoherent steps

and terminations are crystallographically more complicated.31 The

schematic diagram in Fig. 3.56 can be used to explain the twin boundary

cavitation. The coherent parts of the twin, AB and CD, contain the {ill}

planes, on which slip (twin boundary sliding) can occur under the shear

component of the applied stress. The incoherent part of the twin remains

immobile because of its crystallography (it does not contain a plane for

easy slip) and the stress acting on it, which is essentially zero.

Now consider the coherent twin component AB, trying to slide under the

shear stress component. The segment AB is stopped at points A and B, thus

building up stresses, which can relax only by opening cavities at the

intersection of AB and BC or AB and the grain boundary. The precipitate

particles present at the sliding twin boundary can help relax the stress

by nucleating cavities at the weak cohesion particle, as suggested by
3 1

Harris for particles at the sliding grain boundaries.

The examples of cavity opening at the intersection of coherent and

incoherent twin boundaries are shown in Figs. 3.53 and 3.54. The twin

boundary cavities on boundaries transverse to the stress axis can probably

form by vacancies produced at the boundary because of the tension across

it. For a stress a on the particle on the boundary, vacancy supersatura-

tion is given by

C/Ceq = exp(aJl/kT) . (24)

For an applied stress of 30 ksi (207 MPa) at a test temperature of 593°C

(1100°F), a vacancy supersaturation of approximately 1.6 can exist at the

precipitate particle. Hull and Rimmer29 calculated the growth rate of

cavities on the basis of vacancy condensation on nonwetting particles.
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STRESS AXIS

t

ORNL-DWG 75-4064

GRAIN BOUNDARY

GRAIN BOUNDARY

Fig. 3.56. Schematic Showing Possible Mechanism for Twin-Boundary
Cracking.

3.2.3 Materials Behavior in Support of Development and Evaluation of
Failure Criteria for Materials — M. K. Booker

Current elevated-temperature design rules contain specific stress

limits for the prevention of failure due to time-dependent deformation.32

These limits are obtained from (1) the stress to cause rupture in time

t (rupture strength); (2) the stress to cause onset of tertiary creep

in time t (stable creep strength); and (3) the stress to cause a total

membrane strain (elastic, plastic, and creep) of 1% in time t. This last

limit is due to the currently recommended 1% strain limit.

The fact that this strain limit is merely a broad, general value, not

expressed as a function of temperature or stress, is caused by the scatter

inherent in creep ductility data, which makes direct analysis difficult.

Still, strain limits can be important,33 and therefore should be addressed.

Therefore, the objective of this effort is to explore and develop analytical

expressions for correlating and extrapolating long-term ductility indices.

An indirect parametric method, based on that suggested by Goldhoff,31* for
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analysis of creep ductility data was presented earlier, along with pre

liminary results.35'36 This method also provides predictions for stress to

rupture and stress to tertiary creep.

Briefly, the method for parametric analysis of creep ductility data

consists of expressing a given ductility criterion as a product of a time

and a creep rate. Then, each of these two quantities is separately treated

by standard parametric techniques. Criteria currently being considered

include:

plasticity resource e = e t , (25)

engineering creep strain to tertiary creep e3 = 63*3 , (26)

true creep strain to tertiary creep £3 = £3*3 , (27)

total engineering creep elongation to rupture 0 = e t , (28)

true rupture ductility £_ = £ t , (29)

where e = minimum creep rate,
m

£3 = average engineering creep rate to tertiary creep,

£3 = average true creep rate to tertiary creep,

e = average engineering creep rate to rupture,

E = average true strain rate to rupture,

t - rupture life, and

t3 = time to tertiary creep.

These quantities have been defined previously,36 with one exception:

£3 is the true creep strain to tertiary creep, and is therefore given by
T T£3 — £-, where £3 is the total true strain to tertiary creep and E~ is

the true loading strain, since true strains are additive. Meanwhile, e$

is calculated by e3 — e?, although this relationship is not strictly

valid since engineering strains are not additive. Therefore £3 is not

given by 100 ln(l + ez) as reported in ref. 36, but rather by



143

£3(%) =100[ln(l + e3 + ez) - ln(l + e^] , (30)

where e3 = engineering creep strain to tertiary creep and

e~ = engineering loading strain.

These creep time and creep rate quantities may be treated by any one of

a number of standard parametric techniques. Methods being used currently

include the Orr-Sherby-Dorn,37 Larson-Miller,38 and Manson-Succop39 time-

temperature parameters, and the minimum commitment method.1*0 These latter

two methods are empirical, and therefore their applicability can be judged

only by how well they describe a given data set. The first two, however,

can be derived for rupture life from the Arrhenius rate equation,1*1 and

the assumption that

e t = constant . (31)

However, the present results show this assumption to be false, so it is

probably better to view these methods as empirical as well. Therefore,

application of these methods to quantities like £3, £3, e , £ , etc.

depends only on whether the predictions from the methods are consistent

with the data. Results from the Orr-Sherby-Dorn (0-S-D) and Manson-Succop

(M-S) methods will be presented here for types 304 and 316 austenitic

stainless steels.

Table 3.8 summarizes the four heats of type 304 stainless steel and

the heat of type 316 stainless steel being investigated. Partial results

for the 1-in. (25-mm)1*2 and 2-in. (51-mm)1*3 plates of heat 9T2796 and the

0-275-in. (7.0-mm) rod1*1* have been reported previously.35'36 Note, however
that some results reported here for the 2-in. plate of heat 9T2796 and

for heat 55697 are slightly different than those reported previously.

These differences are because two questionable rupture life data points

have been deleted for heat 55697, and 1 data point has been deleted and

a new one added for the 2-in. plate of heat 9T2796.

Table 3.9 summarizes the results of the parametric analysis of the

seven quantities under consideration: t , t3, e , e3, £3, £ , and e .



Table 3.8. Characteristics of Materials Being Investigated

Heat Ref. Product Form

9T2796 42 1-in. plate

9T2796 43 2-in. plate

55697a 44 0.275--in. r

8043813 45 1-in. plate

ASTM A240, Plate , rod
479

Content, wt %

Mn Si Cr Ni Co

Type 304 Stainless Steel

0.051 1.37 0.041 0.4 18.5 9.87 0.1

0.047 1.22 0.029 0.012 0.47 18.5 9.58 0.05

0.052 1.1 0.011 0.01 0.52 18.92 9.52 0.035

0.062 1.87 0.04 0.0043 0.48 17.8 8.95 0.20

0.08b 2.0b 0.045b 0.03b l.Qb 17-19 8-10

332990

ASTM A240,

479

Type 316 Stainless Steel

44 0.275-in. rod 0.052 1.72 0.012 0.02 0.38 17.8 13.55 0.14

Plate, rod 0.08b 2.0b 0.045b 0.03b 1.0b 16-18 10-14

Incorrectly reported as 3/8-in.-diam bar in ref. 36.

Maximum permitted.

Mo Cu N

0.3 0.24 0.031

0.10 0.10 0.031

0.12 0.10 0.052

0.32 0.20 0.033

2.33 0.20 0.041

2-3

»•

-P-
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Table 3.9. Comparison of Orr-Sherby-Dorn and Manson-Succop'
Correlations for the Quantities Involved in Calculating
Failure Criteria for Types 304 and 316 Stainless Steel

Heat

Data

Points

Used

Optimized Constants
Sum of Sq

Residua

uared

lsb
Residual

c
Mean Square

0-S-D Q M-S D
0-S-D M-S 0-S-D M-S

In.

In.

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

in

in

58 1.874 x

20 2.0199

42 1.7236

24 2.6709

39 1.9852

63 1.8711 x

20 2.1089

38 1.852

23 2.7752

38 2.0788

58 -2.3857 x

20 -2.7036

42 -2.3224

24 -3.2695

39 -2.5629

Averaee Engine

R

10*

rime t

upture Life, t

1.636

0.21701

0.84874

1.0466

0.79418

3.3078

0.55371

1.4363

1.1491

1.2094

5.4315

0.61949

0.83727

2.7945

1.7551

;reep, e-i

0.0148

0.0119

0.0230

0.0238

0.0237

0.0337

0.0355

0.0394

0.0305

0.0366

0.0336

0.0323

0.0230

0.0735

0.0233

0.0217

0.0217

0.0220

0.0633

0.0278

0.0187

0.0216

0.0217

0.0603

0.0261

0.0213

0.0307

0.0437

0.0144

0.0244

0.0461

0.0396

0.0533

9T2796 1

9T2796 2

55697

8043813

332990

-0.02094 0.784

-0.024694 0.17813

-0.023054 0.85159

-0.029226 0.45176

-0.025079 0.80472

o Tertiary Creep, t%

0.0309

0.0145

0.0229

0.0551

0.0234

9T2796 1

9T2796 2

55697

8043813

332990

10" -0.020898
-0.02583

-0.024636

-0.030142

-0.025914

Minimum Creep Rat

1.9527

0.53213

1.3005

0.54927

0.96756

e, e

0.0570

0.0369

0.0435

0.0638

0.0366

9T2796 1

9T2796 2

55697

8043813

332990

10"

erine

0.026231 1.7795

0.032933 0.48395

0.031067 0.8524
0.035578 1.396

0.032003 0.79071

Creep Rate to Tertiary (

0.1025

0.0413

0.0226

0.1471

0.0516

9T2796 1

9T2796 2

55697

8043813

332990

63

20

38

23

38

63

20

38

23

38

52

20

24

58

20

41

24

37

-2.3203 x lO* 0.025716
-2.8333 0.034506
-2.2075 0.029408
-3.1262 0.033763
-2.5398 0.031442

Average True Creep Rate to 1

1.256 4.6047

0.32481 0.47696

0.72616 0.79615

1.14 2.347

0.91896 1.8133

tertiary Creep, £3

1.0849 3.8961

0.32384 0.47368

0.71469 0.78888

1.0854 2.2592
0.86141 1.7238

to Rupture, e_

0.0794

0.0318

0.0241

0.1304

0.0549

9T2796 1

9T2796 2

55697

8043813

332990

-2.2705 x 10*
-2.8157

-2.195

-3.1023

-2.5207

Average True

0.02491

0.034293

0.02924

0.033512

0.031213

Strain Rate

0.0672

0.0316

0.0239

0.1255
0.0522

9T2796 1

9T2796 2

8043813

-2.121 >

-2.4606

-2.9813

Average Ei

-2.1968

-2.721

-2.222

-3.0723

-2.4753

< 10" 0.023383 1.0034
0.030088 0.46103
0.32503 0.83046

igineering Creep Rate to Ruptu

2.4818

0.51561

1.8504

re, <3y

2.697

0.44576

1.5635

1.8646

2.2016

0.0528

0.0344

0.0974

9T2796 1

9T2796 2

55697

8043813

332990

* 10" 0.024275

0.033248

0.029744

0.033483

0.031204

0.76324

0.36576

1.6613

0.75182

1.7053

0.0509

0.0297

0.0423

0.0981

0.0688

ao-s-n = Orr-S;herby-Dorn; M-S = Manson Succop.

bSum of squared residuals ;E(log j/calc.-log J/exp.)2 = IR2
cResldual mean = M2/(«-V> where n = number of data points, V- number

of degrees of freedom of model. Here V = 5.
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Several features are immediately obvious from Table 3.9. First, the results

confirm that the current analysis is indeed valid in that parametric methods

do give satisfactory correlation of all quantities involved. In fact, all

quantities can be correlated with practically equal precision, although in

a few cases the M-S results are relatively poor. The residual mean

squares given in Table 3.9 are expressed in terms of the logarithms of the

predicted quantities for two reasons: (1) the models used are expressed

in terms of logarithms, and (2) using logarithms makes the absolute values

of all seven quantities approximately the same. Therefore, comparisons

can be made among the various residual mean squares, even though they

have not been corrected for the mean values of the data involved. Second,

the 0-S-D results are better in almost every case and are never significantly

worse on the basis of the residual mean squares. (Note: for purposes of

the present investigation, the major criterion for "fitting" the data is

that the predicted isothermals "go through" the experimental data. For

design purposes, this criterion is probably sufficient, since it guarantees

that predicted values will approximate real values. However, subtle

inflections, "dips," etc. in the experimental isothermals would probably

not be well described by the current parametric techniques, which tend

to yield only smooth isothermals with slowly changing slopes. Even the

use of a cubic log stress dependence, as done here, would probably not

prevent this shortcoming, and indications that it does exist, at least

for the 1-in. plate of heat 9T2796, have been reported.1*2) Finally, the

variations in the so-called optimized constants for the two parameters

support the contention that these constants have no real physical meaning,

but are merely regression constants. This result is not unexpected for the

M-S parameter, but Q in the 0-S-D parameter is supposedly related to an

activation energy (in this case, the 0-S-D activation energy would be

4.6<2 as a result of the form of the parameter used here). Activation

energies calculated from the 0-S-D results are indeed of reasonable

magnitudes, but the variations in these energies show no consistent trends.

Furthermore, (1) the quantities involved here (e , £ , e3, etc.)

are of such a nature that the meaning of an activation energy in most

cases is unclear, and (2) each "optimized constant" is but one of five
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regression constants involved in fitting the models to the data. After

Manson and Mendelson,1*6 the models are expressed as

(0-S-D) log y - QlRT = b0 + bx log a+ £2(log a)2 + 2>3(log a)3 ,(32)

(M-S) log y + DT = a0 + ai log a + a2(log a)2 + a3(log a)3 . (33)

Least squares fits of these models to the data force an intermingling of

the effects of the constants involved, which makes it difficult to give

physical meaning to any one.

Table 3.10 summarizes the results obtained for 101*- and 105-hr creep-

rupture strengths and stable creep strengths of the materials under inves

tigation.

The table is self-explanatory, but a few comments are warranted.

1. Both plates of heat 9T2796 and the rod of 55697 are of similar

strength, while heat 8043813 is relatively strong1*5 for type 304 stainless

steel. These results are in agreement with findings of the ORNL heat-to-

heat variation program.1*2'1*7

2. Heat 332990 of type 316 stainless steel,1*1* as expected, displays

better strength than most of the type 304 stainless steel, although it

has about the same strength as heat 8043813. The type 316 stainless steel

data from Garofalo et al.1*8 will be analyzed next quarter.

3. For heat 9T2796 long-term predictions that the stable creep

strength is greater than the rupture strength, while unrealistic, reflect

the data in that long-term tests indicate an increase in t3 as a fraction

of t for these two heats. This increase forces the unexpected behavior
r

of the predicted isothermals.

Figure 3.57 shows the 105-hr rupture strength for type 304 stainless

steel in comparison with the results given by Smith and the minimum

values32 from Code Case 1592.

Figures 3.58 through 3.63 illustrate the calculations of the creep

times and creep rates that go into the formulation of the various ductility

criteria being considered. Several explanations of the data used are

necessary. These include:
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Table 3.10. Predicted Creep-Rupture Strengths and Stable
Creep Strengths for Types 304 and 316 Stainless Steel

Temperature

Prediction

Method3

10*-hr Strength,
ksi(MPa)

105-hr Strength,
ksi(MPa)

(°C) (°F)
Creep

Rupture

Stable

Creep
Creep

Rupture

Stable

Creep

1000

Heat 9T2796 1-in. (25-mm) Plate Type 304

538 0-S-D

M-S

25.8(178)
23.0(159)

24.3(168)

21.4(148)
19.1(131)

16.7(115)

17.4(120)

15.1(104)

593 1100 0-S-D

M-S

16.4(113)
15.8(109)

14.8(102)
14.3(99)

11.5(79)
11.4(79)

10.3(71)
10.2(70)

649 1200 0-S-D

M-S

10.2(70)

10.7(74)
9.2(63)

9.7(67)

7.0(48)

7.6(52)
6.6(46)

7.1(49)

704 1300 0-S-D

M-S

6.7(46)

7.3(50)

6.4(44)

6.8(47)

4.7(32)

5.2(36)
4.8(33)
5.2(36)

1000

Heat 9T2796 2-in. (51-mm) Plate Type 304

538 0-S-D

M-S

26.1(180)
24.3(168)

26.1(180)

24.2(167)

19.2(132)
17.6(121)

18.9(130)

17.1(118)

593 1100 0-S-D

M-S

15.8(109)

15.7(108)
14.8(102)

14.7(101)

11.2(77)

11.3(78)
10.7(74)

10.8(74)

649 1200 0-S-D

M-S

9.8(68)
10.0(69)

9.4(65)

9.6(66)
7.4(51)

7.6(52)
7.6(52)
7.8(54)

704 1300 0-S-D

M-S

7.0(48)

7.0(48)

7.3(50)

7.3(50)

5.5(38)

5.6(39)
6.2(43)

6.3(43)

1000

Heat 55697 0.275-in. (7.0-mm) Rod Type 304

538 0-S-D

M-S

26.4(182)

26.1(180)

25.8(178)
25.4(175)

19.2(132)

19.2(132)
17.3(119)

17.2(119)

593 1100 0-S-D

M-S

17.0(117)

17.6(121)

13.9(96)

14.7(101)
11.6(80)

12.6(89)
8.7(60)
9.6(66)

649 1200 0-S-D

M-S

10.7 (74)

11.4(79)

7.8(54)

8.4(58)

7.1(49)

8.3(57)

5.7(39)

6.2(43)

1000

Heat 8043813 1-in. (25-mm) Plate Type 304

538 0-S-D

M-S

38.9(268)
35.6(245)

38.2(263)
34.8(240)

32.6(225)
28.5(196)

32.0(221)
27.7(191)

593 1100 O-S-D

M-S

26.1(180)

24.8(171)

25.2(174)

23.7(163)

20.6(142)

19.8(137)

19.9(137)
18.9(130)

649 1200 0-S-D

M-S

16.6(114)

17.3(119)

15.6(108)

16.4(113)

12.9(89)

14.3(99)

11.8(81)

13.7(94)

704 1300 0-S-D

M-S

11.1(77)

12.9(89)

9.8(68)

12.3(85)

8.9(61)

11.1(77)

7.5(52)

10.6(73)

1000

Heat 332990 0.275-in. (7.0-mm) Rod Type 316

538 0-S-D

M-S

37.0(255)
35.4(244)

35.5(245)
33.6(232)

28.8(199)

28.0(193)

27.2(188)
26.2(181)

593 1100 0-S-D

M-S

24.8(171)

25.6(177)
22.7(157)
23.6(163)

18.6(128)

20.1(139)

16.8(116)

18.4(127)

649 1200 O-S-D

M-S

16.4(113)
18.1(125)

14.6(101)
16.3(112)

11.4(79)
13.6(94)

10.4(72)

12.2(84)

704 1300 O-S-D

M-S

10.3(71)

11.9(82)
9.5(66)

10.7(74)
b

b

6.6(46)

7.0(48)

0-S-D - Orr-Sherby-Dorn; M-S = Manson-Succop.

Not available.
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Fig. 3.61. Average Engineering Creep Rate to Rupture Isothermals for
Type 304 Stainless Steel Heat 9T2796 2-in. (51-mm) Plate.
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Fig. 3.63. Average Engineering Strain Rate to Tertiary Creep
Isothermals for Type 304 Stainless Steel Heat 8043813.

Heat 9T2796, 1- and 2-in. plate, heat 8043813 — onset of tertiary creep

determined by 0.2% offset method.

Heat 55697, heat 332990, onset of tertiary creep determined by first

deviation from linear secondary creep line.

Representative plots of the various ductility correlations are shown

in Figs. 3.64 through 3.68. As expected, the data show considerable

scatter. The decrease in scatter obtained by plotting creep times and

creep rates separately rather than plotting creep ductility directly is

considerable. In reality, the creep rates involved are nothing more than

ductility values normalized to time. Therefore, it is seen that the
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8043813.

scatter commonly seen in ductility data is largely related simply to

variations in rupture time or time to tertiary creep, as the case may be.

From this viewpoint, the current parametric method for the estimation of

creep ductility has even greater validity. Indeed, the calculated values

obtained from the parametric analysis method do seem to describe general

trends in the data. These trends, while somewhat difficult to describe in

a precise quantitative manner, are nonetheless clear. In general, one

can say that for types 304 and 316 austenitic stainless steels, ductility

increases with increasing temperature and/or uniaxial stress level,

especially in the range 538 to 704°C (1000-1300°F). Furthermore, these

trends are evident for all five criteria studied. Tables 3.11 through 3.14

summarize the 10 -, 10 -, 10 -, and 10 -hr creep ductility predictions for
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Table 3.11. Plasticity Resource for Types
304 and 316 Stainless Steel

Predicted Plasticity Resource , '/-,
Temperature

Prediction for Rupl:ure Time

CO (°F)
netnoa—

102hr 103hr 10"hr 105hr

1000

Heat 9T2796 1-in. (25-mm) Plate Type 304

538 0-S-D 2.58 2.43 2.21 1.90

M-S 2.65 2.97 2.95 2.62

593 1100 0-S-D 5.88 5.21 4.36 3.41

M-S 5.85 5.71 4.98 3.96

649 1200 0-S-D 11.34 9.29 7.13 5.20

M-S 11.12 9.54 7.47 5.50

704 1300 0-S-D 18.44 14.02 10.18 7.29

M-S 18.06 13.99 10.24 7.34

1000

Heat 9T2796 2-in. (51-mm) 1Plate Type 304

538 0-S-D 1.50 1.48 1.26 0.92

M-S 1.63 1.70 1.46 1.05

593 1100 0-S-D 4.70 3.66 2.55 1.84

M-S 4.67 3.73 2.60 1.85

649 1200 O-S-D 9.57 6.61 5.08 4.81

M-S 9.48 6.52 4.89 4.43

704 1300 O-S-D 16.01 12.86 12.80 15.37

M-S 16.41 13.08 12.76 15.00

1000

Heat 55697 0.275-in. (7.0-mm) Rod Type 304

538 0-S-D 4.04 2.91 2.38 2.00

M-S 4.07 2.96 2.44 2.01

593 1100 0-S-D 7.89 6.64 5.37 3.05

M-S 7.69 6.43 5.14 3.06

649 1200 0-S-D 16.89 13.11 6.52 1.29

M-S 17.18 12.95 6.74 2.00

1000

Heat 8043813 1-in (25-mm) Plate Type 304

538 O-S-D 8.85 6.41 4.41 2.87

M-S 8.93 6.84 4.80 3.09

593 1100 0-S-D 12.51 8.10 4.96 2.94

M-S 12.47 8.30 5.13 3.09

649 1200 0-S-D 13.92 8.25 4.93 3.18

M-S 13.93 8.42 5.13 3.27

704 1300 0-S-D 13.76 8.56 5.96 4.54

M-S 13.87 8.67 5.72 3.98

Heat 332990 0.275--in. (7.0-mm) Rod Type 316

538 1000 0-S-D 3.24 3.25 2.90 2.35

M-S 3.28 3.73 3.39 2.70

593 1100 0-S-D 8.77 7.40 5.71 4.09

M-S 8.81 7.57 5.82 4.16

649 1200 0-S-D 17.16 12.83 8.97 6.04

M-S 16.80 12.50 8.72 5.85

704 1300 0-S-D 26.93 18.62 12.53 b

M-S 26.38 18.08 12.05 b

a0_s-D = Orr-Sherby-Dorn; M-S = Manson-Succop.

Not available.
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Tabl a 3.12. Eng ineering Creep Strain to Tertiary Creep for
Types 304 and 316 Stainless St eel

Temperature Predictec1 Strain, %,
Prediction for Time to Tertiary Croon

(°F) Method3(°C)
102hr 103hr lO-hr 105hr

1000

Heat 9T2796 1-in. (25-mm) Plate Type 304

538 0-S-D 2.68 2.26 1.79 1.37
M-S 2.71 2.54 2.10 1.66

593 1100 0-S-D 4.59 3.56 2.74 2.30
M-S 4.57 3.74 2.95 2.48

649 1200 0-S-D 6.75 5.28 4.65 4.90
M-S 6.68 5.30 4.54 4.45

704 1300 0-S-D 9.67 8.71 9.41 12.04
M-S 9.47 8.26 8.28 9.70

1000

Heat 9T2796 2-in. (51-mm) Plate Type 304

538 0-S-D 1.08 1.37 1.17 0.59
M-S 1.25 1.64 1.30 0.60

593 1100 0-S-D 4.82 2.92 1.27 0.92
M-S 4.80 2.94 1.30 0.92

649 1200 0-S-D 6.27 3.17 3.28 5.96
M-S 6.20 3.12 3.01 5.02

704 1300 0-S-D 8.22 10.30 20.98 56.67
M-S 8.49 10.63 20.87 54.24

1000

Heat 55697 0.275-in. (7.0-mm) Rod Type 304

538 0-S-D 3.20 4.52 3.81 1.46
M-S 3.26 4.59 3.77 1.44

593 1100 0-S-D 8.60 5.25 1.46 0.57
M-S 8.45 5.37 1.62 0.55

649 1200 0-S-D 6.80 1.73 0.97 1.60
M-S 6.77 1.82 0.87 1.02

1000

Heat 8043813 1 -in . (25-mm) Plate Type 304

538 0-S-D 7.03 6.16 5.29 4.39
M-S 7.12 6.56 5.82 4.78

593 1100 0-S-D 9.68 7.95 6.10 4.16
M-S 9.65 8.17 6.25 4.24

649 1200 0-S-D 10.92 7.51 4.33 1.98
M-S 10.98 7.72 4.87 2.85

704 1300 0-S-D 8.58 4.23 1.63 0.51

M-S 9.11 5.45 3.08 1.69

1000

Heat 332990 0. 275--in. (7.0 -mm) Rod Type 316

538 O-S-D 2.60 2.78 2.34 1.65

M-S 3.26 4.59 3.77 1.44
593 1100 0-S-D 5.86 4.38 2.92 2.09

M-S 8.45 5.37 1.62 0.55

649 1200 0-S-D 7.71 5.12 3.82 4.16
M-S 6.77 1.82 0.87 1.02

704 1300 O-S-D 8.86 7.11 9.09 27.92

M-S 2.29 1.55 2.29 5.43

aO-S-D = Orr-Sherby-Dorn ; v -S = Manson-Succop.
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Table 3.14. Total Engineering Creep Strain to Rupture
for Types 304 and 316 Stainless Steel

Temperature
Prediction

Method3

Predicted Strain, %,

in Rupture Time

(°C) (°F) 102hr 103hr 10"hr 105hr

1000

Heat 9T2796 1-in. (25-mm) Plate Type 304

6.73

8.13
538 0-S-D

M-S

7.98

7.98

7.15

7.95

6.55

8.19

593 1100 0-S-D

M-S

12.44

12.34

11.94

12.62

11.66

12.62

10.90

11.69

649 1200 0-S-D

M-S

20.05

19.74

19.49

19.57

17.63

17.80

13.46

14.05

704 1300 0-S-D

M-S

30.57

30.06

27.16

26.88

20.10

20.68

11.75

13.06

1000

Heat 9T2796 2-in. (51-mm) Plate Type 304

538 0-S-D

M-S

10.75

10.57

4.32

4.33

2.18

2.34

1.41

1.60

593 1100 0-S-D

M-S

9.95

9.94

5.82

5.90

4.21

4.27

3.09

3.07

649 1200 0-S-D

M-S

15.50

15.47

11.64

11.49

7.96

7.78

4.16

4.16

704 1300 0-S-D

M-S

29.06

30.16

18.81

18.93

9.19

9.21

3.45

3.52

1000

Heat 55697 0.275-:in. (7.0-mm) Rod Type 304

538 O-S-D

M-S

6.24

6.26

5.18

5.27

5.66

5.79

5.83

5.81

593 1100 0-S-D

M-S

12.85

12.40

14.51

13.95

12.60

12.35

3.10

4.28

649 1200 0-S-D

M-S

32.90

33.59

24.42

24.49

3.79

5.63

0.02

0.24

1000

Heat 8043813 1-in. (25-mm) Plate Type :304

538 0-S-D

M-S 20.41 17.00 14.26 11.96

593 1100 0-S-D

M-S

20.32

26.18

16.20

21.98

13.01

18.35

10.53

15.05

649 1200 0-S-D

M-S

26.31

33.97

21.31

28.07

17.36

22.70

14.16

17.96

704 1300 0-S-D

M-S

34.06

42.42

27.79

33.84

22.50

26.48

17.85

20.40

1000

Heat 332990 0.275-in. (7.0-mm) Rod Type 316

538 0-S-D

M-S

5.76

5.78

6.46

7.29

6.66

7.59

6.36

7.02

593 1100 0-S-D

M-S

16.31

16.37

16.12

16.22

14.71

14.45

12.28

11.79

649 1200 0-S-D

M-S

35.17

34.53

31.05

29.65

24.90

23.40

17.30

16.85

704 1300 0-S-D

M-S

60.34

59.52

47.25

45.47

31.36

31.30

0.00

0.00

0-S-D = Orr-Sherby-Dorn; M-S - Manson-Succop.
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five criteria for the six heats used, as calculated with the Orr-Sherby-

Dorn and Larson-Miller parameters. (The behavior of e3 is in every case

the same as that of e%. Therefore, only the more familiar quantity will

be discussed henceforth.)

As can be seen from the tables, ductility often also tends to decrease

as a function of rupture time or time to tertiary creep. This effect is,

of course, because lower stresses give longer lives. However, the

temperature dependence is somewhat clouded since higher temperatures

correspond to lower stresses for given lives. Thus the data in Tables 3.11

through 3.14, while at constant lives, correspond to different stresses

for different temperatures. Still, for design purposes, it is desirable

to know how much strain a component can endure in a given time. Figure 3.69

illustrates the variation of predicted 105-hr creep ductility with tempera

ture, while Fig. 3.70 illustrates the variation in the 20-ksi (138-MPa)

creep ductility.

1000

TEMPERATURE (°F)

H00 1200

600 650

TEMPERATURE PC)

ORNL-DWG 75-4261

Fig. 3.69. Variation of
105-hr Creep Strain to Tertiary
Creep with Temperature for
Types 304 and 316 Stainless
Steel.
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Fig. 3.70. Variation of
Creep Strain to Tertiary Creep
with Temperature at 20-ksi (138-MPa)
Creep Stress for Types 304 and
316 Stainless Steel.

Despite isolated instances of erratic predictions (especially for

heats 332990 and 55697), the calculated ductility values are reasonable

and consistent for each of the individual heats. An analysis of the

variations among the different heats is now under way and will be pre

sented in a later report. Perhaps more important, however, is the question

of how to use such results in an evaluation of possible design strain

limits. Clearly, the variations in the data are dangerously large, but

the creep rate and creep time isothermals are quite smooth. Thus, a

method for estimating lower limits on ductility is suggested as follows.

It has been shown that

Ductility = creep rate x creep time , (34)

for various ductilities, rates and times. Moreover, since the creep

rates and creep times that make up the ductility criteria form smooth
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isothermals, lower limits can be set on each of these quantities, say

t and e . Thus, a design ductility prediction could be made by

Ductility, . = tn x en .
design D D

Application of this approach is now under way, and results should be

available soon.

One of the major problems involved in evaluating time-dependent behavior

is the lack of data. The presently reported data sets were chosen specifi

cally for completeness, but in general only rupture life and, to a lesser

extent, minimum creep rate have been available in the past. This situation

probably reflects earlier design rules, which required the stress to cause

rupture in 105 hr and the stress to cause a minimum creep rate of 10~5/hr

as design limits. However, perhaps because of the advent of the high-

temperature LMFBR, elevated-temperature design rules are now more specific

in their application to time-dependent behavior, as discussed above. Thus,

more specific data are suddenly needed. One way to improve this situation

would be to find expressions for less available quantities in terms of

more available quantities. For instance, time to tertiary creep may be

formulated47'50 as a function of rupture life by use of a relationship

of the form

t3 =At 3, (35)

where A and 3 are constants. Values of A and g determined for types 304

and 316 stainless steel are shown in Table 3.15, while Figs. 3.71 and 3.72

illustrate the relationship, including upper and lower central tolerance

limits.51 Meanwhile, time to tertiary creep has also been treated by

standard parametric techniques, and the independent parametric predictions

for tz and t agree well with the relationship given in Eq. (35).

Creep ductility data are probably the scarcest of all. In fact, one

major advantage of the use of e as a ductility criterion is simply that

data for t and k are available. (Although the meaning of e is unclear,
r m s

till be useful for comparisons etc.) Thus, it would be extremelyit can s
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Table 3.15. Constants for the

Tertiary Creep Relationship
3£3 = At.

Stainless
Constants

Steel Type
A 6

304a 0.752 0.977

304 0.685 0.968

316 0.526 1.004

Onset of tertiary creep defined
by 0.2% offset method. Otherwise,
onset of tertiary creep is defined
by first deviation from linear
secondary creep.

ORNL-DWG 75-1227

\ SO' \ ST/Ml\ LE:s<5 £5T[:e L /

[- /

\ ^ y

'- 0

-

4»

• /j£*
\ A

J
0 c ©

\

/i

...

:

/ MD
« 0

: / "V V

•

/ /®

/
A

/

< A

2 3 4 5 6 7 8

loge tr, RUPTURE TIME (hr)

10 11 12
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Rupture Time for Type 304 Stainless Steel.
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useful to be able to express other ductility criteria in terms of eg or

other available quantities. In this vein, a relationship of the type

e = t 1 3(e3 - eJlA ,
s v t

(36)

has been derived.36 Here A and 6 are the same as in Eq. (35), and e^

is the creep strain to secondary creep (primary creep strain); (e^
does not include loading strain, and is incorrectly shown in Fig. 3.53

of ref. 36.)

Unfortunately, this equation has two unknowns, e$ and e^, and therefore
can predict neither. However, it does provide a method for estimating
e3 - e ,henceforth to be referred to as e2, the "secondary creep strain".

Is

Rewriting Eq. (36) as

t = t1 ^{e2)lA , (37)
m t



164

the relationship becomes

3
e2 = AeAr ' (38)

or

ez = emt3 , (39)

which is, of course, merely the definition of e2. In cases where the

primary component is relatively small, e2 may provide a useful estimate

of the "usable strain" that a material can endure. In fact, for the
1-in. plate of heat 9T2796, Swindeman52 has reported that the primary
strain is vitally constant and about equal to 1%. Thus, an immediate

application for Eq. (38) is apparent, in that it allows one to estimate

e3 only from e^ and tp. [Even better estimates could be obtained from
Eq. (39), of course, if data for tp were available.] Estimates of this type
are currently being developed.

Attempts at determining interrelationships among failure criteria
will continue, as will application of a parametric method for the estimation
of creep ductility. Application of these concepts to actual design will
be stressed, including the evaluation of lower limit values.

3'2'4 Material Data Processing - M. K. Booker and C. 0. Stevens

The computerized system for the in-house acquisition, analysis, storage,
and retrieval of mechanical properties data is continuing to function, expand,
and improve. Efforts during this past quarter have been concentrated
on expanding the data base for the Mechanical Properties Data Storage and
Retrieval System (DSRS), and on expanding the Automatic Data Acquisition
System (ADAS), including software development.

As described in previous reports53'54 DSRS is a flexible computerized
system, which offers many advantages over manual handling of data. These
advantages include:

1. Data can be located quickly and easily, eliminating the danger
of lost or misplaced tests. An extensive system of safeguards prevents
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data from being "lost" in the system, and the remarkable flexibility of

the ORLOOK program55 makes searches for data on the system quick and

efficient.

2. The system offers virtually limitless possibilities for the

handling of data in it. Once stored in the DSRS on-line disk file, data

can be accessed by any number of programs that display, sort, or analyze the

data. For example, a particular subset of data on file can be isolated,

then output in graphical56 or tabular57 formats. The use of ADTABL,57

the program that provides tabular output, has been improved this quarter

by addition of the ADS0RT program.58 ADS0RT sorts data according to specified

DSRS identifiers.51* For example, one might sort a given subset of tensile

data first by temperature, then by strain rate within each temperature,

then by tensile strength within each strain rate, etc. Running ADS0RT

and ADTABL as consecutive job steps then allows one to receive tabular

output sorted in whatever manner is desired. Access of data on file by

statistical and numerical programs to provide curve fits, measures of

scatter, etc. could also be easily accomplished. In fact, all the power

and flexibility of modern digital computers can be made easily available

to enable the analyst to treat the data in whatever fashion he desires.

Clearly, such power is far beyond what might be accomplished by manual

data handling.

3. Programs developed to process raw test output (strip charts, etc.)

and to calculate relevant DSRS identifiers greatly decrease the time

involved in such analysis, as well as making more extensive analysis possible.

The TENSIS program59 for the analysis of tensile data has been described

previously.54 Figures 3.73 through 3.75 illustrate graphical output from

TENSIS for engineering stress-strain and true stress-strain curves. (The

numbers to the right of the plots indicate DSRS test number.) During

this quarter, a similar program called FATIGUE has been developed60 for

the analysis of fatigue data. FATIGUE takes input values of divisions on

chart paper (as well as test characteristics such as divisions to load

conversion factors, specimen diameter, temperature, etc.) and outputs

tables of data, punched cards for input to DSRS, punched cards for use in

analytical programs, and plots of data. Plots include stress range,
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Fig. 3.73. TENSIS Engineering Stress-Strain Plot.

» •



0.0

RUE STRESS VS. STRAIN

0.010 0.020 O.030 O.OUO 0.050 0.060 0.070 0.060 0.090 0.100
T.STRAIN

Fig. 3.74. TENSIS True Stress-Strain Plot.



LOG TSTRESS VS. LOG TS

LT.STRAIN

Fig. 3.75. TENSIS Log-Log True Stress-Strain Plot.

RAIN

00

1.4 -1.2



169

tensile-compressive stress amplitudes, mean stress, "relaxed" stress

(stress at the end of a relaxation period or hold time), and plastic

strain range versus cycle fraction (N/NA). Currently FATIGUE treats only

strain-controlled tests with hold times, but it is being modified for

more flexibility.

4. The extensive documentation planned for DSRS helps ensure

standardization and uniformity of input data. Such standardization is

especially important for computerized data management, but it is also a

general benefit in that mechanical-property-related definitions and

procedures often vary widely. Thus, DSRS can provide a unifying influence.

When complete, DSRS documentation will include:

a. DSRS Thesaurus contains definitions of "identifiers" or

terms labelling data in DSRS. Periodic updates and

memos of DSRS-related news are issued to all system users.

b. Standard Procedures Manual for the determination of DSRS

Identifers gives accepted standard methods for determining

quantities to be input to DSRS from raw test output.

c. User's Guide for a Mechanical Properties Data Storage and

Retrieval System contains detailed information on how to

put data in and get data out, including descriptions of

the use of ADPL0T, ADTABL, TENSIS, FATIGUE, and other

system services.

5. A centralized collection center for mechanical properties data

would ensure that the best available data base is used in establishing

correlations for design applications. At present, with data being

obtained at various laboratories and reported (if at all) in various places,

it is difficult to bring together all available data for a particular task.

Data collected but never used are, of course, worthless.

The only disadvantage of DSRS has been that, being a new system, it

suffers from a shortage of data, which decreases its usefulness for specific

applications. To remedy this situation, and to implement advantage 5

above, a second DSRS data base has been established51* for data from sources

outside ORNL. A special effort has been made during this quarter to

input data to this system in order to develop a useful, working data base
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for nuclear materials. Emphasis has been placed on types 304 and 316

stainless steel, 2 1/4 Cr-1 Mo steel, Inconel Alloy 718, and Incoloy

Alloys 800 and 800H. Tables 3.16 and 3.17 show a breakdown of data

currently on file in DSRS.

Extension of computerized data management to the collection of

experimental data is embodied in the Automatic Data Acquisition System

(ADAS). Figure 3.76 presents a schematic diagram of the flow of informa

tion through ADAS for the computerized acquisition of creep data. Briefly,

the functions of the components shown are:

1. Digitrend receives analog (voltage) signals corresponding to load

and extension measurements from each creep test and converts these signals

into coded on-off pulses.

2. Digital recorder interface gathers information from the clock and

the Digitrends and relays them onward. It also relays signal to Digitrend

to initiate printed output of data there in the event of a breakdown in the

system.

3. Clock keeps time for the creep tests being monitored. In the event

of a power failure, the clock continues to operate on battery power.

Table 3.16. Mechanical Properties Supplemental
Data Base — Data Summary

Number o f Individual Tests

Material

Tensile Creep Fatigue

2 1/4 Cr-1 Mo 41 134 205

316 SS 171 112

304 SS 45

Inconel 718 156 176 208

Incoloy 800 235 167

A 533-B 77

1 Cr-1 Mo-1/4 V 1 4

Incoloy 800H 385

895

440

Total 1133 529

Total Tests — 2557
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Table 3.17. Mechanical Properties ORNL

Data Base — Data Summary

Number of Individual Tests

Material

Tensile Creep Fatigue Impact
Slow

Bend

304 SS 810

316 SS 158

2 1/4 Cr-1 Mo 375

Incoloy 800 102

308 SS 75

Hastelloy X 34

9 Cr-1 Mo 18

INOR-8

Other 190

Total

Total Tests

1762

2646

377

48

74

14

122

26

669

73 18

83 38

156 56

Relaxation

11

11

ORNL-DWG 75-4263

Fig.
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3.76. Schematic Diagram of the Automatic Data Acquisition
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4. Computer interface drawer A acts as a sort of filter to eliminate

"noise" and static from the electronic signal received from the digital
recorder interface.

5. Computer interface drawer B converts signal to a binary coded

decimal (BCD) format readable by the computer and relays this converted
signal to the computer.

6. PDP-8/E computer accepts input data and writes it in a special
format on a seven-track magnetic tape in the magnetic tape drive.

7. Magnetic tape drive records data read by ADAS on magnetic tape,
which is transmitted to the ORNL computer center for analysis by the
IBM 360 computers there.

Development of a software system through which the ADAS tapes can be

analyzed by the IBM 360 computers is continuing. The data from the tapes,

which contain voltages representing load and extension, time readings, and

temperature readings is read in, converted to actual stresses, strains, test

times, and degrees, and stored on a disk file. A second disk file contains

test descriptive characteristics (material, heat, specimen description,

etc.) and can be updated through direct teletype access or through the
input of card decks. Interaction with this second disk file through the

PROMPT F4 computer program61 will enable the user to request from the

teletype tabular printouts of data from a given test, plots of data,
etc. Data and test information will be directly transferred to DSRS

through this same program once a test is complete. (DSRS contains test

summary characteristics, not actual data points. The actual data points

from a complete test will be written on magnetic tape and stored for

future use.) This system could be extended to include analytical steps
such as curve fits to creep curves, etc. Thus the advantages of ADAS

will be extended to include enhanced analytical capabilities as well
increased experimental efficiency.

3.2.5 Elastic Properties of Engineering Materials — J. P. Hammond

The purpose of this program is to measure and correlate the dynamic

and static elastic constants for reactor materials of interest, giving

specific attention to temperature and other significant test variables.
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The major progress in this program has been in the development and

improvement of data gathering and analysis. This work is reported in

detail elsewhere and in summary here along with some results on the

static Young's modulus of 2 1/4 Cr-1 Mo steel.

3.2.5.1 Elastic Properties Determined by Dynamic Tests — J. P. Hammond
and M. W. Moyer*

Dynamic (sonic) elastic constants are being established at room and

elevated temperatures. During the last quarter superior procedures of

data taking were incorporated and an improved computer program was pre

pared. Measurements on annealed 2 1/4 Cr-1 Mo and 9 Cr-1 Mo steels,

75%-cold-reduced 2 1/4 Cr-1 Mo steel and type 304 stainless steel, the

same two alloys 75% cold-reduced and annealed, solution-annealed type

304 stainless steel and Incoloy 800H, and age-hardened Inconel 718 base

metal and weld deposit await data processing. Specimens are ready for

testing or in preparation for several other materials.

3.2.5.2 Elastic Properties Determined by Static Tests — J. P. Hammond

Equipment has been assembled for static modulus measurements on

2 1/4 Cr-1 Mo steel heat 20017 and type 304 stainless steel heat 9T2796

using three strain-sensing devices: weldable resistance strain gages,

linear variable differential transformers, and laser diffractometers.

A welding procedure was qualified62 for attaching strain gages to

2 1/4 Cr-1 Mo steel.

The test matrix developed for the two materials calls for simultaneous

measurements using the resistance strain gages with each of the other

two techniques. So far Young's modulus has been measured only with the

dual LVDT technique on isothefmally annealed 2 1/4 Cr-1 Mo steel containing

0.136% C. The results are given in Table 3.18.

*Laboratory Development, Y-12.
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Table 3.18. Static Young's Modulus Values Obtained in Preliminary Tests
on Isothermally Annealed 2 1/4 Cr-1 Mo Steel Containing 0.136% C

by Use of Extensometer with Two High-Sensitivity LVDTs

Nominal
Measured Values of Young' s Modulus at Each Temperature

Strain Rate

in Gage
(sec"1)

Room Temperature 480°C (900°F)a 595c'C (1100°F)b

(psi-) (GPa) (psi) (GPa) (psi-) (GPa)

0.004 28.52

28.52

29.42

28.52

28.75

29.42

29.05

29.79

29.69

29.49

29.99

30.07

30.07

29.88

30.00

x 106

av

av

av

196.6

196.6

202.8

198.2

198.2

202.8

200.3

205.4

204.7

203.3

206.8

207.3

207.3

206.0

206.8

22.3 x l0eb

23.77

24.64

23.83

24.64

24.22 av

25.30

26.00

25.24

25.03

25.39 av

154

163.9

169.9

164.3

169.9

167.0

174.4

179.3

174.0

172.6

175.1

18.05

17.98

18.33

X

av

av

av

106 124.5

124.0

126.4

0.04

0.4

18.12

19.38

18.91

20.20

20.03

19.63

19.22

19.30

19.54

19.62

19.42

124.9

133.6

130.4

139.3

138.1

135.3

132.5

133.1

134.7

135.3

133.9

Determined by chord method (ASTM E 231-69) for stress to 2400 psi
(16.55 MPa), E = 80 x 10"6, unless otherwise noted.

Determined by chord method for stresses to 5000 psi (34.47 MPa),
£ = 170 x 10"6.

3.3 MECHANICAL AND METALLURGICAL BEHAVIOR OF WELDMENTS FOR LMFBR -

P. Patriarca, G. M. Slaughter, W. R. Martin, and C. R. Brinkman

3.3.1 Creep and Creep-Rupture Characterization of Type 16-8-2 Stainless
Steel Weld Metal — R. T. King, G. M. Goodwin, and E. Boiling

Recent data compilations have been prepared on the creep and creep-

rupture behavior of type 16-8-2 stainless steel weld metal,63'61*

including analyses of data from the ORNL Weld Development Program and

available data from other sources. Characterization of 16-8-2 welds made

with commercial filler metals is continuing. Recent results from a

series of such test welds are reported below. The preparation and history
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of these welds were presented previously.65 The test welds include those

identified as V-79, V-80, V-81, V-82, V-83, V-84, V-86, V-87, and V-89.

These test welds represent a total of five combinations of welding

electrode or wire, process, and welding parameters.

The test welds were made in 13-mm-thick (0.5-in.) type 316 stainless

steel plate. The end preparation for all welds was identical to that

used63'6"* for welds V-66 to V-74. Some of the welding parameters are

given in Table 3.19.

Longitudinal all-weld-metal specimens had a 31.7-mm-long by 6.3-mm-

diam (1.25 by 0.25 in.) gage, with the center line located about 5 mm

(0.2 in.) below the weld surface. The method of fabricating these speci

mens is identical to that used63*61* for welds V-66 through V-74. The

specimens were creep tested at 649°C (1200°F) at stresses that were

selected to produce rupture times to several thousand hours; test tech

niques were identical to those used for welds V-66 through V-74, except

that extensometers were attached at the specimen shoulders rather than

directly to the gage sections.

Table 3.19. Welding Parameters Used in Preparation of
16-8-2 Test Welds3

Test

Weld
Process

Welding
Number

Voltage
(V)

Current

(A)

of

Passes^

V-79,80 Manual GTA 17-18 -170 11

V-81,82 Manual SMA 25-30 130-140° 18

V-83,84 Manual SMA 13-14 70 14

V-86,87 Manual GTA 15-18 170d 10

V-88,89 Automatic GTA 13-14 70 2 or 3

(stringer beatd)

All used 0.125-in.-diam (3.2-mm) wire or electrode;
interpass temperature was below 107°C (225°F).

Exclusive of root passes.
c

Second pass made at 110—120 A.

Second pass made at 130 A, third pass made at 140 A.
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The test results are summarized in Table 3.20. They include strain

on loading, strain during first-stage creep, strain during second-stage

creep (both by departure from linearity and the 0.2% offset strain method),

and associated tertiary creep strains. The rupture strain was determined

by direct measurement on the fractured sample, except where inaccuracies

of measurement led to extensometer strains in excess of measured strains.

The reduction of area was computed on the assumption that the projection

of the fracture surface is an ellipse. The rupture time is used to

compute several quantities, including the average creep rate, the ratio

of time to the end of first-stage creep to the time to rupture, and the

ratio of the time to tertiary creep to the time to rupture. The real or

minimum second-stage creep rate and the average creep rate during second-

stage creep to the onset of tertiary creep by the 0.2% offset strain

method are also given.

Several important observations for these 16-8-2 weld tests and test

conditions include the following:

1. The sum of the first- and second-stage creep strains is predomi

nantly less than 2%, and several values less than 1% were recorded. This

is important, because of the present strain limits imposed on weld metal

in ASME Code Case 1592. By far, most of the creep strain that occurs in

type 16-8-2 weld metal for these test conditions occurs during tertiary

creep.

2. The 16-8-2 automatic (stringer bead) welds V-88 and V-89 exhibit

decreasing reductions of area and total elongations with increasing rupture

time. These values extrapolate to the nil-ductility level in about

10,000 hr. Importantly, this behavior also occurred in automatic welds

V-66 through V-74, which were made by torch oscillation techniques (weave)

with the same batch of weld wire.63'6"* For the test conditions that were

explored, about a 2000 psi (14 MPa) higher stress was required to cause

rupture in a given time for the weave technique welds than for the stringer

bead welds.

3. The rupture times for 16-8-2 weld metal range from values high

in the range expected63 for type 316 stainless steel base metal, to values

low in that range.



Table 3.20. Creep and Creep-Rupture Behavior of Type 16-8-2 Weld Metal

Stress

Strain, % „ , . Rupture
Reduction „.

r . Time,
of Area

<« (h?)
£/*r v*/ Wrb

EStage
Loading

£Stage I
£Stage II EStage III Rupture

II

Weld
Real

(ksi) (MPa)
Offset

Real Offset Real Offset

V79,

80

25.0

28.0

30.0

22.0

25.0

28.0

46.7

30.0

25.0

28.0

30.0

25.0

28.0

30.0

22.0

25.0e

25.0

28.0

172

193

207

152

172

193

322

207

172

193

207

172

193

207

152

172

172

193

0.32

0.42

~0.5

0.27

0.32

~0.12

c

0.47

0.365

0.35

0.58

0.17

0.50

1.64

0.23

0.12

0.27

0.38

0.29 0.577

0.20 0.66

~0.2 -1.4

0.24 0.48

0.21 0.99

~0.2 ~0.27

c >25

0.33 0.53

0.198 0.73

0.34 0.67

0.41 -0.27

0.08 0.27

0.73 0.62

2.0 1.85

Automatic G

0.31 0.3

i 0.22 <0.16
\10.8 \0.7

0.23 0.92

0.29 0.75

Manual GTA - McKay Heat 71370

1.05 52.1 51.6 53.3 52.6 1630.6
1.42 35.6 34.9 36.9 51.7 396.5

-1.9 39.6 39.1 41.7 50.8 171.9

Manual SMA - McKay Commercial DC Lime, Heat 73804

0.033

0.093

0.24

0.25

0.052

0.32

91.5

0.30

0.034

0.022

0.48

01d

1.34X10"2
1.03*10-2
5.8*10-3

2.08X10-2
7.7x10 3
2.4xl0-2
c

1.8X10"2

8.69X10-3
3.lx10"2
1.48X10-2

6.5X10-3
8.6X10-2
1.33x10-'

r Bead)

0.217

0.132

0.144

0.32

0.33

0.13

c

0.18

0.62

0.64

0.105

0.59

0.57

0.62

O.39

(0.15
\0.997
0.34

0.26

1.73X10"3
2.72x10 2

~7.5xl0-2

1.73'KT3
4.86x10-'
3.7xl0"2

-92.6

6.8X10-2

1.56X10"3
1.77X10"3

~5.6xl0-2

8.4x10-"
9.2X10-3
2.7X10-2

1.7X10"3
<2.53xl0-3
(9.5x10-"
2.3X10"2
6.2X10"2

2.11X10-3
2.94X10"2

,8.0*10~2

V81,
82

0.95 36.6 36.\ 37.6 52.2 1485.7
1.57 42.4 41.8 43.9 44.9 844.5
0.57 44.2 43.9 44.4 50.3 138.5

>25 ~2 ~2 36.6 55.9 0.4
1.64 38.6 37.5 39.9 54.7 132.0

Manual SMA - McKay Commercial AC-DC, Heat 73804

2.14xl0"3
5.72X10"3
3.93X10"2

7.9X10-2

V83,
84

1.1 30.9 30.5 32.2

1.04 16.7 16.4 18.1

-0.4 37.3 37.0 38.6

Manual GTA — Arcos l/8-in.-diam

56.8 954.6

44.5 810.6

49.6 81.0

(3-mm) Heat D1309T3

1.96X10"3
2.10X10-3

-5.5X10-2

V86,
87

0.56 21.6 21.3 22.2

1.42 21.2 20.4 23.0

2.61 19.4 21.3 24.9

TA - Champion Heat 58691, 0.045

47.4 767.7

33.7 262.1
40.3 175.3

-in. (1.14-mm) Wire

0.029

0.088

0.14

(Stringe

1.25X10"3
l.llxlO-2
3.09X1O"2

V88,
89

0.56 19.0 18.7 19.8

0.59 <13.8 13.4 14.3
\ 2.7

1.5 35.2 34.6 36.6

1.07 39.6 39.3 41.0

31.0 722.6

34.6 1267.2

50.2 176.8

56.6 68.6

0.027

0.011

0.21

0.60

3.8X10"2
(1.89X10"2
10.42
2.1X10"2
3.5X10"2

2.2xl0-3
3.57X10"3

2.7X10-2
7.0X10-2

Time to end of first-stage creep divided by time to rupture.

Time to onset of tertiary creep divided by time to rupture.

Data inadequate for determination.

0.001% B, 0.019% P, 0.01% Ti, 0.42% Si.

eThe unusual curve shape for this test has two local minima in strain
rate. Values corresponding to both are provided.
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3-3-2 Effect of Thermal Aging on the Creep and Creep-Rupture Behavior
of CRE Type 308 Stainless Steel SMA Welds - R. T. King and
E. Boiling

Work is in progress to obtain design data on the creep and creep-
rupture of type 308 stainless steel weld metal. We have previously

summarized66 the results of creep tests on type 308 welds with controlled
residual elements (CRE) that are prototypic of the longitudinal seam and
girth welds in the FFTF.

Thermal aging of whole cross sections of these same welds at 482,

593, and 649°C (900, 1100, and 1200°F) is in progress. Aging at 482 and
593°C is intended to cover portions of the anticipated operating tempera
ture range for LMFBRs, while aging at 649°C is performed to accelerate

sigma phase formation. Base metal was trimmed to within 1 1/2 in. (3.8 cm)
of the weld center line. The aging was performed in air furnaces that

were continuously monitored. Aging to 4000 and 10,000 hr has been com

pleted, and specimens aged to 20,000 hr will be available for testing in
a few weeks. Other sections will be aged to 50,000 hr. Some tensile test
data on these aged welds have already been presented.67

After the weld cross sections were aged, they were sectioned and

made into longitudinal all-weld-metal specimens in the same manner as

their unaged counterparts.68 Selected specimens were then creep tested
by the same techniques that were used for unaged specimens,69'70 except
that extensometers were mounted on the specimen shoulders rather than

on the gage section.

The creep and creep-rupture data for aged and unaged specimens are

summarized in Tables 3.21, 3.22, and 3.23. Terms were defined previously.66
For the data that are now available, there is no significant effect

of aging at either 593 or 649°C. However, for weld metal aged at 482°C,
significant and consistent reductions of rupture life occurred at all

stress levels that were explored, regardless of the location in the weld

from which the specimens were cut. (Rupture times were decreased to 0.1

to 0.2 times the values for unaged material.) The corresponding reduction
of stress to cause rupture in a given time is about 5000 to 7000 psi

(34-48 MPa). This observation is consistent with reductions in the ulti

mate tensile strength that were previously reported67 and may be related

to observed67 changes in microstructure that occur during aging.



Table 3.21. Effect of Aging at 482°C (900°F) on the Creep Behavior of
Type 308 CRE Stainless Steel Weld Metal at 482°C (900°F)

* »

MPa)

Aging
Time

(hr)

Strain, % Strain Rate, %/hr
Reduction

of Area

(%)

Rupture

Time,

tr
(hr)

*7TJ
t

r
(hr)

Specimer Test
Stress

Loading EStage I
EStage II £Stag

Real

e III

Offset

Rupture
cstage II

Ep/tp
(ksi) (

Real Offset Real Offset

LI Specimens

55.0 379 0

4,000
12.16 -0 0.11 0.365 23.74 23.54 36.16

21.4

5.53x10-" 1.22x10"' 0.0414 57.7 873.0

-0

0.34 -0

-0

FF17-1

FF65-1

FFC-58

FFC-89

50.0 345 0

4,000
10,000

5.84

8.93

11.7

0.01

3.16

4.32

0.26

5.92

8.78

0.367

7.91

10.68

18.17

18.2

8.1

18.06

16.2

6.2

24.28

36.2

32.9

4.33x10"*
5.2xl0-2
6.5x10"2

4.59x10-*
5.4xl0-2
6.9X10"2

0.0126

0.127

0.133

52.3

42.1

45.6

1921.9

384.7

247.1

0.42

0.61

0.74

-0

24.9

27.7

FF15-12

FF65-9

FF66-31

FFC-49

FFC-I02

FFC-139

45.0 310 0

4,000
10,000

1.65

6.1

6.13

0.08

(3.94)
6.8

7.3

0.17

(1.5)
5.68

4.05

0.581

(1.7)
8.57

6.08

19.2

(14.5)
15.5

17.9

18.79

(14.3)
12.6

15.9

21.6

21.6

34.1

35.4

L2

9.19xl0~*
(1.0x10 3)
9.88x10"'
9.4x10"'

Specimens

1.4x10-'
(1.07X10-')
1.02X10"2
9.7x10"'

0.00319

0.018

0.020

31.7

48.8

43.4

6764.7

1886.0

1795.4

0.06

(0.59)

0.62

0.57

200 \
(-2500)1

329.7

402.5

FF17-2

FF65-10

FF66-32

FFC-243

FFC-140

FFC-141

52. 5b 362 4,000

10,000

5.44

5.75

-1.35

3.0

-8.3

5.3 7.0

-12.7

11.8 10.1

23.1

25.9

-0.1

8.3X10-2 8.6X10"2
0.37

0.16

35.6

46.96

62.9

158.6

-0.7

0.63

-2.1

18.6

FF65-8

FF66-34

FFC-103

FFC-146

50.0 345 0

4,000

10,000

2.8

5.0

3.9

-o

1.87

1.47

0.5

3.12

2.25

0.767

4.58

3.25

24.62

15.6

23.2

24.35

14.1

22.2

27.92

23.7

30.8

L3

1.33x10"'
1.56x10 2
1.66X10"2

Specimens

1.80x10"'
1.64X10"2
1.77X10"2

0.0117

0.037

0.070

56.3

26.8

52.6

2394.6

630.5

438.2

0.18

0.56

0.48

~0

75.0

25.9

FF17-3

FF65-7

FF66-37

FFC-6

FFC-95

FFC-142

55.0 379 0

4,000
9.24

7.66

0.05

c

0.78

c

1.00

c

16.97

c

16.75

c

27.04

22.2

7.28x10"'
c

9.34x10"'
c

0.076

1.15

35.9 353.9

19.2

0.40

c

3.0

c

FF84-5

FF65-5

FFC-79

FFC-156

^he unusual curve shape for this test has two local minima in strain rate. Values corresponding to both are provided.

Test on unaged specimens yet to be run.

cData not sufficient for reasonable determination of values.
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Table 3.23. Effect of Aging at 640°C (1200°F) on the Creep Behavior of Type
308 CRE Stainless Steel Weld Metal at 649°C (1200°F)

Strain, % Strain Rate, %/hr

Rupture

Time,

tp
(hr)

*III
(hr)

Aging
Time

(hr)

Loading

€L
EStage I EStage II

Real Offset

£Stag

Real

e III

Offset

Rupture EStage II
E /t

r v

Reduction

of Area

(%)

Specimen Test

(ksi) (MPa) Real Offset

LI Specimens

28.0 193 0

4,000

10,000

<0.2

0.4

0.35

0.05

0.3

0.27

0.25

1.8

1.35

0.46

2.8

2.25

37.58

44.9

38.7

37.38

43.9

37.8

38.08

47.4

40.7

1.67X10"2
-1.0

0.5

2.92xl0"2
~1.0

0.55

1.614

2.4

2.1

54.4

55.7

61.0

23.6

19.7

19.3

0.68

0.18

0.23

0.25

0.7

0.3

FF15-1

FF20-2

FF20-12

FFC-8

FFC-107

FFC-109

22.0 152 0

4,000
0.197

0.3

1.111

0.39

0.26

0.56

0.53

1.31

44.03

36.5

43.76

35.8

43.30

37.8

L2

8.11x10-*
1.77X10"2

Specimens

1.30x10-3
2.19X10"2

0.0552

0.14

64.0

64.9

785.0

268.6

0.52

0.16

-0

10.3

FF15-21

FF20-9

FFC-55

FFC-153

28.0 193 0

4,000
10,000

0.25

0.19

0.21

0.15

0.12

0.10

0.6

0.67

0.57

0.95

0.89

1.01

19.79

42.3

41.1

19.19

42.1

40.6

20.79

43.3

42.0

L3

1.24X10-2
8.7X10-2
6.2X10-2

Specimens

1.56x10"2
8.8X10-2
7.2xl0-2

0.213

1.06

59.6

59.0

56.8

97.5

40.9

42.6

0.64

0.34

0.34

2.0

1.0

0.5

FF15-17

FF20-4

FF20-14

FFC-57

FFC-108

FFC-110

30.0 207 0

4,000
0.52

0.5

0.56

0.2 0.85 1.82 34.4 33.5

13.6

35.3 0.198 0.24

2.65

1.50

62.0

62.0

13.6

23.5

a

0.35

~1

0.7

FF83-6

FF20-6

FFC-160

FFC-161

28.0 193 0

4,000
0.3

0.41

0.4

0.19

0.55

0.42

1.0

0.65

35.65

19.7

35.2

19.4

36.2

20.1

7.7x10-3
2.2x10"3

9.5xl0-3
3.8x10-3

0.179

0.105

59.9

61.3

201.2

191.0

0.55

0.60
5.0

3.8
FF83-5

FF20-5

FFC-158

FFC-157

Insufficient data for analysis.

00
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3.3.3 Creep-Rupture Behavior of Gas Tungsten-Arc Types 308, 316, and
16-8-2 Stainless Steel Welds Made with Special Filler Materials —
D. P. Edmonds and E. Boiling

Previous work70 72 has shown that minor additions of B, P, and Ti to

shielded metal-arc (SMA) type 308 stainless steel weldments result in

improved creep strength and long-time creep ductility. We are trying to

improve the creep behavior of types 308, 316, and 16-8-2 stainless steel

gas tungsten-arc welds, by adding varying amounts of the same elements

to the filler wire. Creep-rupture testing of the first iteration of these

materials is in progress, although most of it is completed at this time.

The preliminary results of this testing are shown in Tables 3.24 through 3.26.

All the test welds were made in 1/2-in.-thick (13-mm) stainless

steel plates, by use of a 75°-included angle V-groove joint. The type 308

welds were made in type 304 plates, and the types 316 and 16-8-2 welds

were made in type 316 plates. Almost all the welds were made with the

manual GTA process, with the only exception being the type 16-8-2 welds

made with Champion heat 58691 (see Table 3.26) filler wire, which were

made automatically with Astro-Arc equipment. The manual welds were made

by stringer bead techniques, with average welding conditions of 190 A

current and 17 V (direct current straight polarity, DCSP). The automatic

welds used both stringer and weave bead techniques, with average condi

tions of 180 A current and 10 V (DCSP). All welds used pure argon

shielding gas.

All-weld-metal buttonhead specimens with a 0.13-in.-diam by 1.13-in.-
i'

long (3.2- by 28.6-mm) gage section parallel to the welding direction were

machined from each test weld. The center of each specimen coincides with

the middle of the weld at a distance about 0.2 in. (5 mm) below the top

surface of the weld. These specimens were tested at 649°C (1200°F) in

air, at stress levels intended to produce rupture times ranging from a

few hours to several thousand hours. The load was applied gradually by

mechanical and/or hydraulic devices. Extensometers mounted on the grips

were used to monitor creep strains to within +l°/0, with the total elongation

and reduction of area being measured directly by fitting the fractured

specimens together. Rupture data only are considered in this report.
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Table 3.24. Creep-Rupture Properties of Manual Gas Tungsten-Arc
Type 308 Stainless Steel Weldments at 649°C (1200°F)

Weld
Supplier

Heat or

Composition

Aim

Stress Time to

Rupture

(hr)

Total

Elongation

(%)

Total

Reduction

Number
(ksi) (MPa)

of Area

(%)

V-5, 6 Arcos Commercial 25.0 172 26.6 18.8 29.3

D1717-3082 25.0 172 24.0 20.6 24.4

20.0 138 115.4 11.6 14.7

20.0 138 143.5 7.9 20.7

14.0 110 927.0 2.7 6.1

V-14 ORNL Special, 20.0 138 164.7 8.8 14.6

remelted 16.0 110 733.0 3.6 10.0

D1717-3082 14.0 97 1630.1 3.6 4.8

V-16 ORNL Special, 20.0 138 432.4 12.1 25.1

0.007% B, 16.0 110 1980.0 6.3 13.0

0.045% P

V-15 ORNL Special, 25.0 172 100.3 28.8 64.6

0.5% Ti 20.0 138 991.0 35.8 66.1

18.0 124 2083.5 38.1 63.4

V-7 ORNL Special, 25.0 172 62.4 51.8 80.9

1% Ti 20.0 138 321.9 22.3 51.7

16.0 110 2415.6 34.0 66.5

V-8 ORNL Special, 25.0 172 40.2 39.1 47.5

0.007% B 20.0 138 262.2 18.8 24.1

16.0 110 1198.7 4.6 11.2

V-13 ORNL Special, 20.0 138 495.1 6.3 15.3

0.015% B 16.0 110 1634.5 5.5 8.4

V-12 ORNL Special, 20.0 138 215.2 10.0 21.7

0.045% P 16.0 110 922.0 4.3 9.2

V-9 ORNL Special, 25.0 172 26.5 28.2 42.6

0.060% P 20.0 138 190.4 13.4 22.4

16.0 110 1091.7 6.4 6.7

V-10 ORNL Special, 25.0 172 11.35 37.5 80.7

no Si 20.0 138 25.0 13.6 40.4

14.0 97 936.7 25.4 36.6

V-ll ORNL Special, 25.0 172 15.65 32.7 62.1

0.60% Si 16.0 110 357.4 33.1 50.8

14.0 97 1496.6 15.4 44.7

V-130, 131 ORNL Special, 30.0 207 59.1 42.5 64.5

0.5% Ti, 28.0 193 74.2 46.6 70.5

0.006% B 25.0 172 422.4 29.4 60.9

0.042% P 22.0 152 1168.9 34.3 66.8



184

Table 3.25. Creep-Rupture Properties of Manual Gas Tungsten-Arc
Type 316 Stainless Steel Weldments at 649°C (1200°F)

Weld

Number

V-1,2

V-44

Heat or Stress Time to Total

Supplier Composition Rupture Elongation
Aim (ksi) (MPa) (hr) (%)

McKay 20281

ORNL

25.0 172

25.0 172

22.0 152

20.0 138

25.0

22.0

172

152

451.1

408.8

1078.3

2824.6

696.7

1210.2

6.5

4.7

4.3

3.9

6.8

3.3

Total

Reduction

of Area

22.7

26.4

24.9

3.1

21.7

14.3

V-116,117 ORNL

Special,

0.29% Ti

Special,
0.006% B,
0.042% P

Special,

0.006% B,
0.042% P,

0.5% Ti

Special,
0.5% Ti

Not weldable — hot cracking problem

V-122,129 ORNL

V-123,124 ORNL

V-126,128 ORNL Special,
1.0% Ti

40.0 276

35.0 241

30.0 207

45.0 310

40.0 276

35.0 241

40.0 272

35.0 241

30.0 207

20.2

369.4

4716.7

0.8

9.0

1330.7

48.4

116.4

474.5

12.1

11.7

15.0

16.0

21.2

14.6

18.3

40.0

10.8

64.0

56.4

47.7

52.5

62.8

44.0

47,

54,

38,

Creep-rupture properties of the type 308 stainless steel test welds

are given in Table 3.24. The first two weld types in the table (V-5 and

-6, -14) are typical of standard type 308 GTA welds, with reasonable creep

strength and low creep ductility. Varying additions of B, P, Ti, and

Si noticeably affected the creep properties. The addition of 0.007% B,

0.045% P (V-16); 0.015% B (V-13); 0.045% P (V-12); and 0.060% P (V-9) to

the deposit yielded only minor increases in strength and ductility.

Additions of 1% Ti (V-7) and 0.007% B (V-8) to the deposit substantially

increased both strength and ductility. Addition of 0.60% Si (V-ll) or

no silicon (V-10, actual deposit had a higher silicon content than typical

type 308 deposits) to the deposit produced little change in strength
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Table 3.26. Creep-Rupture Properties of Gas Tungsten-Arc
Type 16-8-2 Stainless Steel Weldments at 649°C (1200°F)

Total

Weld
Supplier

Heat or

Composition

Aim

Stress Time to

Rupture

(hr)

Total

Elongation

(%)

Reduction

Number (ksi) (MPa)
of Area

(%)

V-55,56 Champion 45209 28.0 193 358.5 12.5 50.6

30-mil 25.0 172 791.6 11.9 55.6

(0.76-mm) 22.0 152 3204.9 8.2 14.6

wire 30.0 207 127.2 26.5 44.5

V-57,58 Reid- 39048, 28.0 193 126.9 22.0 51.6

Avery 45-mil 25.0 172 328.5 16.6 64.5

Armco (114-mm) 23.5 162 843.9 27.6 47.2

wire 22.0 152 817.7 14.9 48.8

21.0 145 1775.4 10.9 27.4

V-78, 46 Champion 56004 28.0 193 28.3 34.9 68.4

25.0 172 74.6 18.9 45.7

25.0 172 190.4 29.6 47.7

25.0 172 97.1 25.6 67.8

22.0 152 84.2 21.6 53.6

20.0 138 1339.3 21.7 56.3

20.0 138 431.8 34.4 73.0

18.0 124 1204.0 43.7 54.8

V-66-74, Champion 58691 28.0 193 68.6 41.0 56.6

85,88,89a 25.0 172 176.8 36.6 50.2

25.0 172 78.0 27.8 51.9

25.0 172 104.3 62.9 52.7

25.0 172 1267.2 14.3 34.6

22.0 152 722.6 19.8 31.0

20.0 138 765.6 47.6

18.0 124 1703.2 29.8 41.5

16.0 110 5671.8 23.7 28.4

V-79,80 McKay 71370 30.0 207 171.9 41.7 50.8

28.0 193 396.5 36.9 51.7

25.0 172 1630.6 53.3 52.6

V-90 ORNL 0.50% Si, 25.0 172 97.1 25.6 67.8

(Remelt 8.5% Ni 20.0 138 431.8 34.4 72.9

Champion 18.0 124 1204.0 43.7 54.8

wire)

V-86,87 Arcos D1309T 30.0 207 175.3 24.9 40.3

301 Mod 28.0 193 262.1 23.0 33.7

25.0 172 767.7 22.2 47.4

V-114,115 Arcos Reference 28.0 193 107.1 55.0 64.5

Heat 2367- 25.0 172 3602.4 40.1 63.3

R-16-8-2 25.0 172 513.0 30.1 70.0

V-118,125 ORNL Special, 35.0 241 342.0 6.2 15.9

0.5% Ti 30.0 207 1010.8 5.9 7.8

28.0 193 1812.3 3.3 4.7

V-119,127 ORNL Special, 35.0 241 128.9 12.1 42.7

1.0% Ti 30.0

28.0

207

193

888.5

>2100b

7.1 18.8

V-120,132 ORNL Special, 28.0 193 2684.2 10.5 71.7

0.5% Ti, 28.0 193 1165.0 9.3 12.8

0.006% B, 25.0 172 2463.1 6.2 16.0

0.042% P 25.0 172 >5000b

V-121,133 ORNL Special, 28.0 193 >500b

0.006% B, 25.0 172 >600b

0.042% P

Automatic welds, all others manual.

Indicates test in progress.
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(decrease in strength at higher stresses) with a substantial increase in

ductility. Superior creep strengths and ductilities were obtained from

the 0.5% Ti (V-15) and the 0.5% Ti, 0.006% B, 0.042% P (V-130, -131)

deposits, with the latter type deposit having the best properties.

Additional testing will be done to more fully characterize the type 308

stainless steel deposits with 0.5% Ti, 0.006% B, and 0.042% P.

Creep-rupture properties of the type 316 stainless steel test welds

are given in Table 3.25. The welds made with the McKay bare wire heat

20281 (V-l, -2) have typical type 316 weld metal creep properties. (Notice

that the creep ductility decreases very rapidly as time to rupture, t ,
r

increases.) Additions of 0.006% B and 0.042% P (V-116, -117) produced

a bare wire that is not weldable because of hot-cracking problems. The

cracks are caused by the high concentration of low-melting materials and

the low level of ferrite in the deposit. Additions of 0.29% Ti (V-44)

to the deposit yielded slightly higher creep strength than the standard

type 316 deposit, with no increase in ductility. However, the creep

strength and ductility are increased with the addition of 1.0% Ti (V-126,

-128), moderate increase; 0.5% Ti (V-123, -124), greater increase; and

0.006% B, 0.042% P, 0.5% Ti (V-122, -129), greatest increase. From the

results of this iteration, it is seen that additions of 0.5% Ti, 0.042% P,

and 0.006% B to type 316 GTA welds produce the greatest enchancement of

creep properties.

Listed in Table 3.26 are the creep-rupture properties of welds made

with several commercial heats along with ORNL test heats of type 16-8-2

stainless steel wire. A comparison of the limited creep-rupture data

available in the tables shows that standard type 16-8-2 GTA welds have

far superior creep strength to standard type 308 welds and equal or

inferior strengths to standard type 316 welds. Also, the type 16-8-2 GTA

welds have far superior creep ductility and do not appear to be as sus

ceptible to long-time embrittlement as types 308 and 316. Because creep

testing of the modified ORNL welds is incomplete at this time, they

cannot be compared with the commercial type 16-8-2 welds. However, from

the one group of data that is complete (weld V-118, -125), it appears

that the addition of 0.5% Ti increases the creep strength, but decreases
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the ductility. A more detailed analysis of the effect of B, P, and Ti

on the creep properties of type 16-8-2 GTA welds cannot be made until

testing is completed.

3.4 MECHANICAL PROPERTIES OF STEAM GENERATOR AND HEAT EXCHANGER

MATERIALS - C. R. Brinkman

3-4.1 Strain Rate Effects on the Tensile Properties of Annealed
2 1/4 Cr-1 Mo Steel - R. L. Klueh

Last quarter73 we reported on the high-strain-rate tensile proper

ties of annealed 2 1/4 Cr-1 Mo steel. Tests were conducted at 25, 454,

510, and 566°C (75, 850, 950, and 1050°F) at strain rates of 0.16, 1.6, 16,

and 144/sec. During this quarter, we completed tests at the same strain

rates at 204 and 371°C (400 and 700°F). The results of these tests are

shown in Table 3.27. Tests have also been completed over the temperature

range 25 to 566°C (75-1050°F) at 2.67 x 10_6/sec (0.0002/min), the lowest

strain rate tensile tests we have yet conducted. The results for these

tests are shown in Table 3.28. All tests were made on the commercial

1-in. (25-mm) plate, B&W heat 20017, in the annealed condition. With

the completion of these tests and those previously completed, we can

now represent the variation of the tensile properties over a strain rate

range of eight orders of magnitude.

Figures 3.77 through 3.80 show three-dimensional representations

of the 0.2% yield strength, ultimate tensile strength, total elongation,

and reduction of area over the entire strain rate range of 2.67 x 10-6

to 144/sec and from 25 to 566°C (75—1050°F). To better show the behavior

of the yield strength and ultimate tensile strength, Fig. 3.81 shows the

results as functions of strain rate at the six test temperatures, and

Fig. 3.82 shows the results as a function of temperature at four strain

rates. In addition to the yield stress and ultimate tensile strength,

Figs. 3.81 and 3.82 show the stress at strains of 2 and 5%.

Except at room temperature, Figs. 3.77 and 3.81 show that the

yield stress is little affected by strain rate. At room temperature

[Fig. 3.81(a)], there is little effect up to about 0.1/sec, after
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Table 3.27. Engineering Tensile Properties of Annealed
2 1/4 Cr-1 Mo Steel at High Strain Rates

Strain

Rate __

(sec-1) 0.2% Yield Ultimate Tensile Fracture

0.16 34.3(237)

1.6 37.6(259)

16 35.4(244)

144 38.0(262)

0.16 37.4(258)

1.6 35.4(244)

16 30.4(210)

144 32.8(226)

Strength, ksi(MPa)

204°C (400°F)

66.2(460) 44(300)

68.2(470) 42(290)

71.2(490) 42(290)

73.6(508) 41(280)

371°C (700°F)

68.0(469) 50(340)

65.4(454) 47(320)

64.0(441) 44(300)

63.6(439) 39(270)

Elongation

(%)

24.3

24.9

27.3

27.4

Reduction

of Area

68

70

72

72

17.8 58

19.3 65

19.0 62

23.0 71

Table 3.28. Engineering Tensile Properties of Annealed
2 1/4 Cr-1 Mo Steel at 2.67 x 10"6/sec (0.0002/min)

Temperature Strength, ksi (MPa)
Elongation

(%)

Reduction

(°C) (°F) 0.2% Yield Ultimate Tensile Fracture

of Area

(%)

25 75 35.2(242) 71.0(490) 42.9(295) 28.0 68.6

204 400 33.8(233) 71.2(491) 49.6(342) 21.0 63.9

371 700 33.3(230) 81.7(563) 51.7(357) 20.6 60.5

454 850 32.8(226) 72.6(501) 30.5(210) 23.8 67.2

510 950 29.9(206) 50.9(351) 14.4(99) 35.8 83.8

538 1000 27.5(190) 38.9(268) 9.3(64) 30.6 86.6

566 1050 25.3(174) 30.3(209) 5.9(41) 56.7 88.4

593 1100 21.0(145) 24.0(165) 4.9(34) 59.0 86.2
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ORNL-DWG 75-5482

45t S/O 5t,b

Fig. 3.77. Yield Strength of 2 1/4 Cr-1 Mo Steel as a Function
of Temperature and Strain Rate.

ORNL-DWG 75-5483

Z04 371 451 510 566

Fig. 3.78. Ultimate Tensile Strength of 2 1/4 Cr-1 Mo Steel as a
Function of Temperature and Strain Rate.
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Z04 371 454 5IO 566

7*M/&>eA7-(jye£ C°c)

ORNL-DWG 75-5484

O.OOOOOZ7

Fig. 3.79. Total Elongation of 2 1/4 Cr-1 Mo Steel as a Function
of Temperature and Strain Rate.

Z04 371 454 510 566

T£up£/eArue£ Cc)

ORNL-DWG 75-5485

O.oooooa7

Fig. 3.80. Reduction of Area of 2 1/4 Cr-1 Mo Steel as a Function
of Temperature and Strain Rate.
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(f)
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Fig. 3.81. The Yield Stress, Ultimate Tensile Strength, and Stress
for 2 and 5% Strain as Functions of Strain Rate at (a) 25°C (75°F), (b)
204°C (400°F), (c) 371°C (700°F), (d) 454°C (850°F), (e) 510°C (950°F),
and (f) 566°C (1050°F).

which yield stress increases rapidly with increasing strain rate. The

only other effect of strain rate is an apparent local maximum in the

yield stress in the range 0.01 to 10/sec above 204°C. The maximum peak

height occurs at 371°C (700°F) [Fig. 3.81(c)]. This is verified by

examination of the yield stress-temperature representation in Figs. 3.82(b)

and (c), where a peak is observed near 371°C (700°F). Figure 3.82 also

shows the effect of strain rate on the peak, as no peak is observed at

2.67 x 10~ and 144/sec, only at the two intermediate strain rates.
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Fig. 3.82. Yield Stress, Ultimate Tensile Strength, and Stress for
2 and 5% Strain as Functions of Temperature at (a) 2.67 x 10~6/sec, (b)
6.67 x 10-3/sec, (c) 0.16/sec, and (d) 144/sec.
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The effect of strain rate on the ultimate tensile strength, Fig. 3.78,

is quite complicated. As with yield stress, the room-temperature behavior

shows a considerable strain rate effect: at strain rates above 0.16/sec,

there is a large increase in tensile strength with increasing strain rate;

at lower strain rates, the increase is much slighter. At 204°C (400°F),

Fig. 3.81(b), there is an apparent minimum at about 10" /sec, with tensile
strength decreasing with increasing strain rate below and increasing above.

At 371°C (700°F), Fig. 3.81(c), the ultimate tensile strength rather

continuously decreases with increasing strain rate. The behavior at

454°C (850°F) is ill defined, Fig. 3.81(d), showing a plateau at the three

lowest strain rates, followed by a nominally decreasing tensile strength

with increasing strain rate. As the strain rate is decreased at 510°C

(950°F), Fig. 3.81(e), there is little change in the strength until

6.67 x 10-17sec, after which the strength decreases. Finally, at 566°C

(1050°F), Fig. 3.81(f), there is a continuous decrease in strength with

decreasing strain rate.

From the ultimate tensile strength - temperature relationships

shown in Fig. 3.82, two types of behavior can be distinguished. First,

as the strain rate is decreased at 510 and 566°C (950 and 1050°F),

there is a large decrease in strength, the effect increasing

with increasing temperature; this is the expected strain rate behavior.

Second, there is a dynamic strain-aging peak, where the tensile strength

goes through a maximum. Comparison of the ultimate tensile strength
curves in Fig. 3.81 shows that the lower the strain rate, the higher the

strength. Furthermore, as the strain rate increases, the decreased peak
occurs at higher and higher temperatures. At the highest strain rate,

144/sec, the peak appears to occur near 566°C.

Dynamic strain aging is the result of interactions of solutes

(e.g., carbon and nitrogen), with dislocations. The increase in the

temperature of the maximum with increasing strain rate is a reflection
of the increased diffusion rate of the solutes with increased temper

ature (i.e., at the highest temperatures for the high strain rate, the

solutes that lead to dislocation locking can diffuse rapidly enough to

enhance the strength).
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Strain rate effects on fracture stress (not shown graphically) are

qualitatively similar to effects on ultimate tensile strength. At 25°C

(75°F), there is a gradual increase in fracture stress with increasing
strain rate. At 454, 510, and 566°C (850, 950, and 1050°F) the fracture

strength decreases as strain rate decreases, the drop-off in strength

becoming greater, the higher the temperature. For the intermediate

temperatures of 204 and 371°C (400 and 700°F), the fracture strength

increases with decreasing strain rate, the increase being greater at
371°C.

The effect of strain rate on total elongation, Fig. 3.79, reflects

the effect of strain rate on the ultimate tensile strength. That is, a
relatively high strength was accompanied by a relatively low total

elongation. From 2.67 x 10"6 to 1.6/sec, the specimens tested at 371°C

(700°F) had the lowest elongation, followed by those tested at 454°C

(850°F), a reflection of the strength peaks at low strain rate, Fig. 3.82.
Only at 510 and 566°C (950 and 1050°F) did the total elongation (at a
given temperature) show significant change over the eight orders of

magnitude in strain rate. At these temperatures the elongation increased

with decreasing strain rate: from 18 to 37% at 510°C and 20 to 56% at

566°C. The behavior of the reduction of area, Fig. 3.80, paralleled
that for the total elongation.

Uniform elongation (not shown graphically) showed relatively
little effect of strain rate. Only at the lowest strain rate, 2.67 x
10" /sec, and the two highest temperatures, 510 and 566°C (950 and 1050°F),
was there a noticable decrease in the uniform elongation with decreasing
strain rate.

The general trends in properties discussed above are well illustrated

by examining the selected engineering stress-strain curves shown in

Fig. 3.83. Curves are shown for four strain rates at three temperatures.
The large increase in strength properties above 0.16/sec at 25°C (75°F)
(Fig. 3.81) is rather obvious when the upward displacement of the
144/sec curve is noted in Fig. 3.83(a). The relationship of strain rate
and the peak in the ultimate tensile strength-temperature curve of Fig. 3.81
is evident in Fig. 3.83(b) and (c). At 371°C (700°F), the highest
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stress-strain curves correspond to the lowest strain rates. In line

with the shift of the peak to higher strain rates at the higher temper

atures, Fig. 3.83(c) shows that at 566°C (1050°F) the trend reverses to

restore the highest stress-strain curves to the highest strain rates.

Figure 3.83(c) also displays the increased elongation with decreasing strain
rate and increasing temperature (Fig. 3.79). With the exception of the

low-strain-rate test at 566°C, all the stress-strain curves have similar

shapes, especially when just the portion of the curve up to the ultimate
tensile strength is considered. Hence, we expect that the plastic
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behavior of the high-strain-rate tests can be represented analytically

by the Voce equation,75 as was done previously for the low-strain-rate

tests.76

At room temperature, a yield point with its accompanying Luder's

strain at the lower yield was observed at strain rates of 1.6, 16, and

144/sec. This gives rise to the merging of the yield stress and stress

for 2% strain curves in Fig. 3.81; that is, the Luder's strain exceeds

2%. At 6.67 x 10"3 and 0.16/sec, an inflection point was noted in the

stress-strain curves in the strain range in which a yield point would be

expected. Above 25°C a yield point was noted only at 144/sec and was

quite distinct for all tests conducted at that strain rate up to 454°C.

In all cases, visual examination of the fractured specimens indi

cated that a ductile cup-cone failure occurred. Likewise, metallography

revealed that the failures were of a ductile transgranular mode. There

was no evidence of any intergranular failure.

3.4.2 Effect of Sodium on Mechanical Properties of 2 1/4 Cr-1 Mo Steel -
R. L. Klueh and J. M. Leitnaker

We have completed our metallurgical studies on the MSA-decarburized

2 1/4 Cr-1 Mo steel,77-79 and a report has been issued.80 A summary

follows.

Specimens of 2 1/4 Cr-1 Mo steel that had been decarburized in

sodium or aged in an inert atmosphere for 26,500 hr at 566°C (1050°F)

were metallurgically examined with optical and transmission electron

microscopy. The carbide particle density of the decarburized and aged

specimens was considerably less after 26,500 hr than after 10,000 hr,

with the density in the aged specimen being considerably greater than

that in the decarburized specimen. For the aged specimen, the density

decrease was a result of Ostwald ripening, and the total amount of

carbide was not noticeably affected. Decarburization, however, resulted

in a gradient in carbide density, with the smallest density near the

surface.

Carbides were electrolytically extracted and identified by x-ray

diffraction. From the before-test material, which was in the annealed

condition and had a ferrite-pearlite microstructure, 1.4 wt % carbide
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was obtained. This sample contained M3C, M23C6, and M6C, with M23C6

constituting the major portion. In the aged specimen, 2.3 wt % of

precipitate was extracted and contained 60% M6C, the balance M23C6.

The decarburized specimen contained two regions with different carbide

contents. The first 20% of the 0.063-in.-thick (1.6 mm) specimen

yielded 1.3 wt % precipitate, which contained 94% M6C, the balance

M23C6. The interior of the specimen contained 1.6 wt % precipitate,

86% M6C.

From the observations of these studies, the following conclusions

were made:

1. The kinetics of decarburization is quite complicated and cannot

be separated from the aging process.

2. The aging process and the subsequent removal of molybdenum from

solid solution to form molybdenum-rich carbides may, in the limit, have

as much effect on the creep properties as decarburization does.

Creep-rupture tests at 510 and 566°C (950 and 1050°F) are now being

made on the decarburized and aged specimens to determine the effect of

these processes on creep.

3.4.3 Heat-to-Heat Variation of 2 1/4 Cr-1 Mo Steel - R. L. Klueh

Last quarter81 we reported on tensile studies of two small sections

of forgings manufactured by the vacuum arc remelt (VAR) process, one

produced by the Jorgensen Company, the other by the Coulter Company.

We also obtained a small piece of plate manufactured by the electroslag

remelt (ESR) process (trade name Lukens Lectrefine) by Lukens Steel

Corporation. The tests reported last quarter were conducted on specimens

that had been given identical isothermal anneals: 1 hr at 927°C (1700°F),

furnace cooled to 704°C (1300°F) and held for 2 hr, then furnace cooled

to room temperature. During this quarter, we tested these same materials

in the as-received (normalized-and-tempered) condition.

Buttonhead specimens were tested at a crosshead speed of 0.05 in./min

(1.27 mm/min, nominal strain rate of 0.0444/min) at 25, 204, 371, 454,

510, and 566°C (75, 400, 700, 850, 950, and 1050°F). The results are

shown in Table 3.29. In Fig. 3.84 the yield stress and ultimate tensile
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Table 3.29. Tensile Properties of As-Received
2 1/4 Cr-1 Mo Steel Forgings

Te

Tempe

St

rature
Strength, ksi (MPa) Elongat Lon, % Reduction

of Area

Yield Ultimate Tensile Uniform Total
(°C) (°F)

(%)

Jorgensen (VAR)

25 75 47.1(325) 77.3(533) 9.4 17.9 66.9

204 400 43.7(301) 67.3(464) 7.5 14.8 66.0

371 700 42.8(295) 69.9(482) 6.9 12.2 49.8

454 850 42.3(292) 63.7(439) 6.3 13.4 45.3

510 950 38.5(265) 55.6(383) 6.3 18.3 64.2

566 1050 36.4(251) 45.9(316)

Coulter (VAR)

5.0 21.7 73.9

25 75 52.3(361) 76.5(527) 13.4 22.3 60.6

204 400 43.3(299) 67.3(464) 10.2 18.3 72.2

371 700 38.4(265) 71.4(492) 8.8 14.9 60.1

454 850 38.2(263) 66.0(455) 8.8 16.1 65.6

510 950 33.6(232) 60.4(416) 9.8 18.7 65.6

566 1050 34.7(239) 51.1(352)

Lukens (ESR)

10.1 23.9 80.5

25 75 52.9(365) 82.6(570) 9.6 18.4 73.9

204 400 47.4(327) 72.6(501) 8.1 16.3 73.1

371 700 46.7(322) 74.4(513) 6.9 13.5 61.0

454 850 44.9(310) 68.6(473) 6.5 15.8 66.9

510 950 43.7(301) 61.8(426) 6.1 18.2 77.1

566 1050 39.4(272) 51.6(356) 6.4 22.3 82.6

strength are shown as functions of temperature, and in Fig. 3.85 the

uniform elongation, total elongation, and reduction of area are shown as

functions of temperature.

As expected, the strength of the as-received material is somewhat

greater than that of the same material after an isothermal anneal. Like

wise, the isothermal anneal increased the ductility of the material.

These materials as received are being prepared for metallographic

examination.

Last quarter we gave the composition as reported by an outside

laboratory. Because of the unusually high oxygen concentration reported
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for the Jorgensen heat, we redetermined the oxygen, nitrogen, and carbon

for all three heats. The nitrogen and carbon values were similar to

those previously reported. The oxygen, however, was considerably below

the concentrations previously reported. Instead of the 1200, 60, and

80 ppm 0 previously reported, values of 25, <1, and <1 ppm were deter

mined for the Jorgensen, Coulter, and Lukens heats, respectively. These

values are more in line with what is expected for these materials.

3.4.4 Fatigue Behavior of 2 1/4 Cr-1 Mo Steel — C. R. Brinkman,
M. K. Booker, J. P. Strizak, W. R. Corwin, J. M. Leitnaker, and
J. L. Frazier*

Fatigue testing of 2 1/4 Cr-1 Mo steel in the annealed condition

continued over the range room temperature to 538°C (1000°F). The objectives

of this effort are to collect (1) sufficient continuous low- and high-cycle

fatigue data to establish ASME design curves for this material, (2)

sufficient hold time and frequency variation data to formulate creep-

fatigue design rules and to define strain aging phenomena, (3) adequate

data covering the influence of material melting practice, heat treatment,

and chemical or minor cold-work (heat-to-heat) variations, and (4) data

covering other effects, such as thermal aging, mean stress, environment,

notch behavior, crack growth rates, and biaxiality. Considerable data have

been collected in support of the first objective, and progress in this area

will be discussed in detail in this report. Tests presently under way

will fulfill the second objective and progress to date is presented.

Details concerning specific materials, heat treatments, specimen

designs, and test methods have been discussed previously. However, an

additional heat (heat 3P5601) of 2 1/4 Cr-1 Mo has been added to this

program, and its composition is compared in Table 3.30 with previously

tested material. Results reported herein were obtained from four test

laboratories: Mar-Test, Battelle Memorial Institute — Columbus, Oak Ridge

National Laboratory, and the Oak Ridge Y-12 Plant.

Additional strain- and load-controlled data were obtained by courtesy

of General Atomic Company.83 The chemical composition of the material

tested in the GA program is compared with the ORNL heats in Table 3.30.

*0ak Ridge Y-12 Plant.



Table 3.30. Chemical Analysis of the 2 1/4 Cr-1 Mo Steel

Product
Heat

Chemical Compc sition, wt %
ASTM

Form
C Mn Si Cr Mo Ni S P

Grain Size

Plate 20017 0.135 0.57 0.37 2.2 0.92 0.16 0.016 0.012 4-5

Pipe 1 0.145 0.53 0.40 2.18 0.94 0.30 0.019 0.014 7-8

Pipe 2 0.11 0.47 0.35 2.89 0.96 0.26 0.009 0.013 4-5

Pipe 3 (27479) 0.11 0.35 0.23 2.42 0.92 0.04 0.025 0.008 7-8

Plate 3P5601 0.119 0.35 0.27 2.30 0.96 0.20 0.022 0.009 5

O
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Results from tensile tests conducted on heat 3P5601 are plotted in
Fig. 3.86. Comparisons are made between tensile properties of this heat

in both the annealed (furnace cooled) and the isothermally annealed82
condition. Indications ofstrain aging in the intermediate temperature
range are apparent.

3.4.4.1 Low- and High-Cycle Fatigue

Continuous cycling fatigue tests were continued at 316 and 371°C

(600 and 700°F). Tests conducted at 316°C were high cycle load controlled

and were run at a frequency of 20 Hz to help substantiate the estimated

high-cycle life predictions based on the results of strain-controlled tests.

The data are plotted in Fig. 3.87 on semilog coordinates in order to expand

the abscissa scale. The solid line drawn through the strain-controlled data

and extrapolated to 108 cycles to failure was obtained by summing the
best-fit equations for the elastic and plastic components. Thus the total

strain range can be expressed as
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Ae^ = Ae + Ae
t p e

Aet =ANfa +BNf b

(40)

(41)

However, because of the bilinearity of the plastic strain range line when
plotted on log-log coordinates, values of the constants A and a depend on
strain range, as indicated in Table 3.31. Figure 3.87 shows the scatter

in the results of the load-controlled tests to be quite high, as was the

case for the 427°C (800°F) tests previously shown.84 However, this can be
attributed to the variable strain amplitude resulting from cyclic hardening

and softening, as indicated by periodic extensometer measurements made
during the tests and plotted in Fig. 3.87. One of the load-controlled
tests (Test C) was step loaded several times following cycle numbers of
about 107 cycles until failure occurred. The results obtained to date
indicate the high-cycle fatigue life to be quite sensitive to variable
strain amplitude loading when various increments of plastic strain are

introduced throughout the cycle life.

ioad con:hol

lst stkess

TESTS

JDE

A * .15 ksi l?41 3 MPo)

B t 12 k-,, 1220 6 MPo . •- 31 •,• 122' 5

C • 32 »•>. USOS MPa * 3 3 ii 1227 •)

± 34 ksi (,'34 4 MPa '"

D • 33 ksi UZ? 5 MPa

STRAIN CONTROLLED. - 4.1 ) V»c
LOAD CONTROL , 20 Hi

Fig. 3.87. Total Strain Range Versus Cycles to Failure for
2 1/4 Cr-1 Mo (Heat 20017) Isothermally Annealed. All tests were con
ducted at 316°C (600°F) in either strain or load control as indicated.
Variable strain range associated with some of the load controlled tests
is also shown.

A number of strain-controlled tests were conducted at 371°C (700°F),

and the results are compared in Fig. 3.88. Best fit lines were again

drawn through the elastic and plastic components, and bilinearity was
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Table 3.31. Values for the Elastic and Plastic Strain Range Constants
for Strain-Controlled Tests Conducted at a Strain Rate of 4 x 10~3/sec

Temperature

Range
(cycles)

Values of Constants in

Ae , = ANAa + BNAb
t f f(°C) (°F)

A a B b

Room <6 x 105 112 0.585 0.684 0.082

315 600 <6 x io1* 112 0.585 0.684 0.082

>6 x io1* 1.03 0.164 0.684 0.082

371 700 <105 102 0.683 0.713 0.081

>105 0.214 0.063 0.713 0.081

427 800 <1.8 x io1* 166 0.661 0.407 0.031

>1.8 x io1* 8.23 0.349 0.407 0.031

539 1000 <1 x io1* 263 0.756 0.440 0.048

>1 x io" 16.3 0.439 0.440 0.048

593 1100 <7.5 x io3 210.6 0.744 0.445 0.064

>7.5 x io3 3.768 0.284 0.445 0.064
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indicated for the plastic component as shown. Values for the constants

in Eq. (41) above for the range from room temperature to 593°C (1100°F)

are summarized in Table 3.31. The GA 593°C (1100°F) data are plotted in

Fig. 3.89.

Cycling specimens from the two heats in strain control at 371°C

(700°F) resulted in initial rapid (primary) hardening followed by either

gradual (secondary) hardening, softening, or near stability as cycling

continued as evidenced by changes in load required to maintain the pre

scribed total axial strain range, Ae , a constant. The amount of secondary

hardening or softening depended upon Ae , as was shown for other temperatures,

with a tendency toward continuous hardening at the higher strain ranges,

say 2%, and softening at lower strain ranges as shown in Fig. 3.90.

Figure 3.91 compares the total strain range versus cycles to failure

lines generated from data obtained over the temperature range of 316 to 427°C

(600-800°F). The plots show that the 371°C data fall generally between

the two temperature extremes. Several compressive hold time and lower

strain-rate continuous cycling fatigue tests were also conducted at 371°C
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to determine the influence of dynamic strain aging on fatigue life. The

data shown in Fig. 3.91 indicate a degradation in fatigue life with

decreasing strain rate achieved by either hold periods or a lower cyclic

frequency.

Cyclic stress-strain curves were obtained with Nj2 values of the

stress range and are compared in Fig. 3.92 with monotonic curves obtained

for the two heats undergoing testing at 371°C (700°F). Comparison of the

overall fatigue lives of these two heats (see Fig. 3.88) shows little

difference in their behavior at this temperature. However, for identical

heat treatments some differences in both cyclic and monotonic flow response

on loading are apparent from the plots given in Fig. 3.92. Further, some

of the specimens (M series) from heat 20017 apparently received a slightly

different heat treatment than the others in that they showed increased

hardening upon cyclic deformation as shown in Fig. 3.92. Metallographic

examination and hardess (R 73 ± 2) determinations, however, failed to
D

detect any appreciable differences. These observations confirm previous

tentative conclusions concerning the sensitivity of the cylic hardening

response to heat treatment, heat-to-heat variations, etc. Stress amplitude

(Aa/2) is plotted in Fig. 3.93 against plastic strain amplitude (Ae /2)

obtained from these tests.
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A summary plot of both the half-life (Nj2) stress and plastic strain

range as functions of temperature for several total strain ranges (Ae )
Is

is given in Fig. 3.94. The plots of these independent variables indicate

only slight temperature sensitivity [excluding dynamic strain aging effects

at 371°C (700°F)] until temperatures above about 427°C (800°F) are obtained.

Strain aging in the range 316 to 427°C (600-800°F) complicates the high-

cycle fatigue life in that material tested at 316°C shows superior resist

ance to fatigue compared with the same material tested at room temperature,

as shown in Fig. 3.95. To simplify this problem for design purposes, we

decided to base the room temperature to 427°C (800°F) design curve on the

427°C data. The best fit line from the 427°C data plot reported previously8"

has been replotted in Fig. 3.96 with the available data from room temperature

to 371°C (700°F) to show that it is indeed conservative with respect to the

lower temperature data. This conservatism, however, may not be the case

at lower frequencies or strain rates, where strain aging has been shown to

reduce fatigue life. Proposed ASME design curves covering the range from

room temperature to 593°C (1100°F) were constructed as reported previously8"*

and are compared in Fig. 3.97. Equations for these lines have also been

reported previously 84
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3.4.4.2 Creep-Fatigue Interactions

Continuous cycling strain-controlled fatigue tests conducted with

either tensile or compressive hold periods are also under way. These

tests are necessary to define the design creep-fatigue curves. Figure 3.98

contains the results of hold time tests conducted to date over the range

from 371 to 539°C (700-1000°F). In these plots cycle life reduction factors

and changes in the plastic strain range are compared for various strain

ranges and temperatures as functions of hold time. The cycle life reduction

factor is defined as the ratio of the cycles to failure, N^, for a given
strain range, temperature, and hold time divided by the corresponding

cycles to failure, N„, from a test conducted under identical conditions

without a hold time. The interim data were plotted this way so that the

reader might compare the influence of various hold times, both tensile and

compressive, on the fatigue life in tests conducted at various strain

ranges and temperatures. From these plots the following preliminary

conclusions concerning the behavior of 2 1/4 Cr-1 Mo steel were made:

1. There is a deleterious hold-time effect at all temperatures

considered. However, the hold-time effect at 371°C (700°F) appears to

be due to strain aging rather than creep, since the value of the Nj2
plastic strain range actually decreases in comparison with the similar

no-hold-time test.

2. The hold-time effect is greater at lower strain ranges (i.e.,

Ae = 0.4 or 0.5%) than at higher strain ranges. At low strain ranges
Is

compressive hold times seem to be more deleterious than the corresponding

tensile hold times. Since compressive effects do occur in elevated-

temperature design this finding has engineering significance and, therefore,

compressive hold-time tests have been emphasized.

3. Over the temperature range and hold times employed to date, very

short hold times (e.g., 0.01 hr) had a marked influence on the low-strain-

range fatigue life of this material. Low strain ranges and fairly low

temperatures have been particularly emphasized to date in order to obtain

data approaching actual design conditions and to provide the data base for

comparison with predictions based on data taken at higher temperatures

and higher strain ranges.
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Figure 3.99 compares peak stresses and plastic strain ranges achieved

as functions of fraction of cycle life for specimens tested with and without

hold times for similar test conditions. At low strain ranges there is a

considerable apparent drop in the peak stress range introduced as a

consequence of the hold times at this temperature. Also, the plastic

strain range shows a marked increase.

The particularly damaging effect of compressive hold periods is

somewhat contrary to earlier findings85 on other materials, and requires

investigation. One suggestion86 has been that compressive holds tend to

create a mean tensile stress and thus enhance crack propagation, leading

to decreased cyclic life. An investigation of this effect, however, has

shown no noticeable trend in this direction for the current data, as shown

in Fig. 3.100 for two different temperatures.
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3.4.4.3 Creep-Fatigue Data Analysis

Several methods for the analysis of creep-fatigue data have been

proposed, including the strain range partitioning approach,87 the linear
summation of damage approach,88 the frequency modification approach,

the ductility exhaustion approach,90 and several others. Most methods,

however, require a complete spectrum of data, including a range of hold

times, strain ranges, etc. However, data obtained in the current program

are as yet incomplete, making analysis by these latter methods difficult.

Interim results have been obtained, however, by the methods of strain

range partitioning and linear summation of damage.

The linear summation of damage approach is that currently used for

actual design.32 Briefly, the method consists of separately identifying

creep and fatigue "damage fractions." If these two types of damage fractions
combine linearly, then the sum of the two damage fractions should be equal to

unity:

D +0=1, (42)
c F

where

D = T,kt/t = creep damage fraction , (43)
c r

D - N-i/Nj. = fatigue damage fraction . (44)
F h j

Here N-, is the number of cycles to failure with hold times and Nf is the

number of cycles to failure that would have been expected with no hold

time. At 427°C (800°F) Nf was determined from actual data at a given strain
range, while 538°C (1000°F) data were used to establish N„ at both 538
and 482°C (900°F). For the calculation of creep damage, Dq, ht is the
time increment at a given stress and t is the expected rupture life

(taken from the NSM Handbook) at that stress and test temperature. In

the present case, the calculation of creep damage is complicated, however,

by the fact that the hold times are strain controlled, and thus the stress

relaxes during each hold period. Therefore the term tit ftp for each cycle
must be evaluated by integration over the relaxation curve so that the

creep damage in one cycle becomes
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t

D1 = / rdt/t , (45)
cor v '

where t is now the rupture life expressed as a function of the continuously

changing stress.

The integrals in Eq. (45) have been evaluated by first fitting a

Gittus-type equation91 to the relaxation curves, such that

ln(a0/a) = Ata , (46)

where a0 = maximum stress, a = a stress somewhere on the relaxation curve

corresponding to time t, A,a = constants. Solving this equation for stress

as a function of time yields the relationship

a = exp(ln o0 - At ) . (47)

Equation (47) then allows the integral in Eq. (45) to be evaluated

numerically by Simpson's rule by use of a model for t previously developed92

at ORNL. The entire analysis is performed by means of the DAMAGE computer

program.93

This integration technique involves knowledge of actual relaxation

curves, and cannot readily be performed separately for each cycle. An

approximation was therefore used. The procedure was to perform the

integration on a representative relaxation curve obtained at the half-life

(NJ2) and to multiply the creep damage during this cycle by the total

number of cycles to failure, such that

D = N1 fdt/t . (48)
c n r

It should be noted that Campbell,88 in a similar analysis of type 304

stainless steel, defined failure as the point at which the stress range

had decreased 5% from its stabilized value rather than actual specimen

separation. For fatigue damage, this definition makes no significant

difference, since N, and N„ would both be defined in this way. For creep
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damage calculations performed to date, the damage per cycle is so small

(10~6—10_l>) that there is again no meaningful difference. Actual specimen

separation was used here to be consistent with previous work in the

current program.

Figure 3.101 shows a "damage summation diagram" calculated for results

obtained to date at 427, 482, and 538°C (800, 900, and 1000°F) by the

above technique, while Fig. 3.102 shows the result of life predictions

obtained by rewriting Eq. (42) as

ffPRED =V1 " V (49)

Tests involving tensile holds are correlated well by this technique, while

the correlation for tests involving compressive holds is considerably less

effective. Such a result is not surprising since the data used to establish
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the t values were all from tensile creep-rupture tests. Meaningful corre

lation of tests involving compressive or combined tensile-compressive

holds would probably require data from cyclic creep-rupture tests such as
those reported by Halford.91+

For design applications, the values of t and Nf in Eqs. (43) and (44)
are replaced by tfl and N^ where t^ and N are design limits on rupture
life and fatigue life, respectively. Thus, the design damage criterion
becomes

-yy* (50)

Calculations of damage using this rule will be reported next quarter.

The strain range partitioning approach involves partitioning the

plastic strain range traversed by a cycling specimen into four types:
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Ae = tensile plastic strain reversed by
pp

compressive plastic strain,

Ae = tensile creep strain reversed by

compressive creep strain,

Ae = tensile creep strain reversed by
cp

compressive plastic strain,

Ae = tensile plastic strain reversed by
pc

compressive creep strain.

Here, "plastic" strain is defined as time-independent inelastic strain,

while "creep" strain is defined as time-dependent inelastic strain.

Test results obtained to date at 427, 482, and 538°C (800, 900, and

1000°F) include either tensile or compressive hold periods at constant

strain. Thus, in this case, the types of strain involved are Ae ,

Ae , and Ae only, where Ae and Ae are defined by
cp pc cp pc

Ae = Aa IE , (51)
r

where Aa is the total change in stress due to relaxation and E is Young's
r

modulus at test temperature.

Application of the strain range partitioning approach involves two

steps. First, "life relationships" must be formulated whereby Ae ,
rr

Ae , and Ae are related respectively to N , N , and N , where N.
cp pc PP aP P° •*-

is the expected cycle life of a specimen cycled in pure Ae. strain.

Formulation of a life relationship for Ae -N was reported previously.
rr r r

However, the present data do not involve enough different strain ranges

or enough creep strain to enable formulation of Ae -N and Ae -i!7

relationships. Such relationships for annealed 2 1/4 Cr-1 Mo steel, which
8 7

were generated at high strain ranges, have been reported previously.
8 U

Thus, the present approach was to use our Ae -N relationship and
8 7Ae -N and Ae -N relationships reported by Manson et al.

pc pc cp cp
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Once the life relationships are established, the next step is to

formulate a damage rule to predict cyclic lives for tests involving

mixtures of the various types of strain. One approach might be to again

formulate a linear rule such that

D + D + D + D =1, (52)
pp cp pc cc

where, for example, D is a "damage fraction" calculated for Ae
cp cp

strain by

D = N/N . (53)cp cp '

However, recent experience has suggested that an "interaction damage rule"95

'cpis more appropriate.96 Employing this rule, for example, D would be

given by

where Ae. n is the total inelastic strain range and N is the life
inel ° op

corresponding to a pure Ae strain equal to Ae.
cp inel

In the present analysis, the interaction damage rule has been used,

although the relationships taken from Manson et al.87 had been established

by the linear damage rule. Such an approach requires caution, but it

turns out that the values of Ae and Ae from the linear rule technique87
cp pc M

are of the same order of magnitude as the Ae values for the present

data, while the Ae. n, Ae , and Ae values from ref. 87 are generally
inel cp pc a j

somewhat higher than those for the present data. Therefore, the current

technique of summing damage by the interaction rule using the linearly

determined life relationships has an advantage in that it makes extrapo

lation of the life relationship line unnecessary.

With the life relationships and the damage summation rule established,

the remaining step is "simply" to determine Ae , Ae , and Ae for a
pp cp pc

given test. Here again, in the present analysis, values have been obtained

from a representative cycle at Nj2. For example, in a test with a tensile

hold period, Ae is defined by Eq. (51) and Ae is given by
cp ' PP

\£. -Iff } '
inel y cp j
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Ae = Ae. . - Ae . (55)
pp inel cp

However, there is somewhat of a complication in the determination of Aa.

At the beginning of a hold period, the stress undergoes a sudden rapid

decrease (Aa.) followed by a period of more gradual decrease. Diercks97
is

has attributed such a decrease for type 304 stainless steel to a strain-

rate effect caused by a sudden change from the ramp strain rate to the

zero strain rate of the hold period, and has thus suggested that the strain

e. = Aa. IE , (56)
vn %n

might be considered plastic rather than creep strain. Furthermore, there

is some indication that plastic strains accumulated during relaxation and

creep strains are not equivalent.97 The current results have been obtained

by treating the entire plastic strain due to relaxation as creep, but the

effect is being examined closely. Life predictions obtained by the strain

range partitioning approach are shown in Fig. 3.103. All predictions are

within a factor of 2 on life, and are considerably better than those

obtained through the linear summation of damage method (Fig. 3.102). If

the strain e- were plastic rather than creep, the predictions should be

overconservative. Indeed, there is some tendency to underpredict, although

several lives were overpredicted.

Analysis by these two methods will continue, including attempts to

identify creep failure behavior under cyclic conditions and a further

investigation of the plastic strain increase during relaxation. Also,

analysis by other techniques will begin as more data become available.

Thus, both descriptions of material behavior and comparisons of analytical

methods will be obtained.

3.4.4.4 Microstructural Studies of Fatigue Specimens

In order to understand the softening and hardening behavior that occurs

as a function of temperature and strain range as well as to characterize

microstructural changes that occur during dynamic strain aging, transmission

electron microscopy studies (TEM) have been initiated. These studies are
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being conducted on material adjacent to the fracture (fatigue) surface

(minimum diameter of the hourglass specimen), as well as at various

positions remote from the fatigued section for comparison.

To date we have examined two specimens that were fatigued at 427°C

(800°F). Specimen 18MTL and 31MTL were tested at total strain ranges

of 2 and 0.36%, respectively. Specimen 18MTL cyclically hardened initially

quite rapidly (primary hardening) and then continued to harden at a

decreasing rate throughout most of test, while specimen 31MTL hardened

rapidly during the first few cycles and then softened at a decreasing

rate throughout the remainder of the test.82 Cyclic softening at all

temperatures results in deviations from the Coffin-Manson law for linearity

of plastic strain range versus cyclic life when plotted on log-log coor

dinates.

Transmission electron micrographs taken of various samples from

specimen 31MTL (0.36%) at increasing distances from the fatigue fracture

surface are shown in Figs. 3.104 and 3.105. Micrographs of specimen 18MTL

(2%) are shown in Fig. 3.106. Figure 3.107 shows a region in the head of
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Fig. 3.108. Fatigue-Crack Growth
Data for 2 1/4 Cr-1 Mo Steel in Air
at Room Temperature.

2 1/2 decades. This is as expected since at room temperature aging and

creep effects are minimal or nonexistant. Also presented in Fig. 3.108

for comparison are data obtained by General Electric98 on 2 1/4 Cr-1 Mo

steel, which show very good agreement with the ORNL data.

Elevated-temperature testing has been performed at 510 and 593°C

(950 and 1100°F). At these higher temperatures, which are within the creep

range, there is a noticeable effect of frequency. As seen in Fig. 3.109,

decreasing the frequency at 593°C from 40 to 4 cpm markedly increases the

crack growth rate at a given M. Less pronounced but still noticeable is

the slight shift in the 510°C data between frequencies of 40 and 300 cpm.

Recent testing done by Johnson99 at a frequency of 0.25 cpm indicated a

larger effect, although some allowance is required for the slightly higher

test temperature of 524°C (975°F).

An attempt was made to normalize the data at different temperatures

using a correction for the changing Young's modulus with increasing

temperature. Speidel100 has recently shown success using such an approach
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to normalize crack growth data on 12 different materials at room temperature.

He plotted da/dn as a function of AK/E with E corresponding to the particular

material tested. He reduced the scatter of da/dn at a given AK from several

orders of magnitude to less than one.

In this case, attempting to normalize the AK-da/dn data for 2 1/4 Cr-1 Mo

steel obtained at several temperatures by E(RT)/E(T), while resulting in

some consolidation of the data, still showed the data to fall into distinct

temperature bands, with 593°C (1100°F) still showing the highest growth

rates. One possibility for this is the increasing importance of monotonic

crack extension due to creep and environmental (air) effects at the higher

temperatures.

Few of the components of reactor systems manufactured from this

material and subject to cyclic loading will operate at zero mean stress.

Therefore, mean stress effects must be accounted for and R ratio studies

were conducted. The results of a number of tests at 510°C (950°F) are

shown in Fig. 3.110. Since frequency effects at 510°C are important, only

those data points at similar test frequencies are reported. The summary
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Fig. 3.110. Effect of Stress Ratio on Fatigue-Crack Propagation
of 2 1/4 Cr-1 Mo Steel at 510°C (950°F) in Air.

line for R = 0.05 at higher frequency is shown for comparison. As can be

seen from the main figure, the rate of crack growth increases markedly with

increasing mean stress.

Barsom101 has recently examined the effect of stress ratio R on the thres

hold AK value, AX„, for crack propagation for several materials. He showed a

clear dependence of decreasing AK, with increasing R, above an R ratio

of about 0.1. This same trend is exhibited by the ORNL data, although the

actual values of AAL, found were roughly twice those predicted by Barsom.
Th

The ORNL data were reanalyzed with the concept of effective stress

intensity factor used by Walker

K rc, is given by:
ell

1 02 The effective stress intensity factor,

K„ =K (1 - Rf ,
ef f max
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where m varies with the material. Using a value of m = 0.5 gave the results

shown in the inset of Fig. 3.110. The higher growth rates were effectively

normalized with K ,.,.; however, the lower rates below the knee of the curve
eff

clearly were not.

The effect of a steam environment at 510°C (950°F) and atmospheric

pressure on crack growth rates is presently being investigated. To date

testing has been performed at 200 cpm, where effects of a steam environment

are minimal (Fig. 3.111). Comparative tests at 4 cpm are presently under

way.

Current and future tests will continue to investigate R ratio effects

at room and elevated temperatures and further effects of frequency in

air and steam at elevated temperature. Testing at 371°C (700°F) will be

initiated, as will comparative high-temperature testing in vacuum for an

environmental effects base line.

I 1/1111

ORNL-DWG 75-4285
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Fig. 3.111. Effect of Steam on
Fatigue-Crack Propagation of
2 1/4 Cr-1 Mo Steel at 510°C (950°F).
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3.4.5 Mechanical Property Correlations of 2 1/4 Cr-1 Mo Steel for LMFBR
Steam Generators — M. K. Booker and T. L. Hebble*

Correlations for Charpy impact energy and ductile-brittle transition

temperature for annealed 2 1/4 Cr-1 Mo steel are nearing completion. In

addition, previously reported103 results for 0.2% yield strength and

ultimate tensile strength have been revised to include additional data

obtained from the ORNL mechanical properties Data Storage and Retrieval

System (DSRS).51*

As previously reported,101* the model used to express impact energy

as a function of temperature is of the form

Y=A[l - e~~B(T ~ C)1] , (57)

where Y = impact fracture energy,

T = temperature, and

A3B3C = constants estimated by the method of least squares.

The nine data sets treated by this model are shown in Table 3.32. Variations

in properties among the data sets are so large that each data set had to

be treated separately to obtain meaningful results. Values of the constants

A, B, and C for the various data sets are shown in Table 3.33, while

Table 3.34 displays values of temperatures at which the various data sets

display predicted impact fracture energies of 10 and 20 J (14 and 28 ft-lb).

Ultimate tensile strength (UTS) and 0.2% yield strength (YS) have been

expressed as cubic polynomials in temperature, such that

Y = a0 + cliT + a2T2 + a3T3 , (58)

where Y = UTS or YS,

T = temperature, and

ao,a.\,a2,a3 = constants evaluated by the method of least squares.

*Mathematics Research Staff,
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Table 3.32. Data Sets Used in Analysis of Impact Energy

Data Set Reference Heat Treatment Product Form
Carbon

(%)

KB-1 a Annealed Plate 0.135

KB-2 a Stress relieved Plate 0.135

KB-3 a Annealed Plate 0.135

KB-4 a Aged 1000 hr 510°C Plate 0.135

CE-1 a Annealed Plate 0.10

CE-2 a Annealed Plate 0.10

GA-1 b Annealed Pipe 0.145

GA-2 b Isothermally annealed Pipe 0.11

GA-3 b Isothermally annealed Pipe 0.135

a

D. A. Canonico and W. J. Stelzman, Oak Ridge National Laboratory,
private communication.

J. R. Ellis and D. I. Roberts, General Atomic Corporation,
private communication.

Table 3.35 gives the revised estimates for the constants a0, a\, a2,
and a3, while Figs. 3.112 and 3.113 show the actual data plotted with

lines of expected value and upper and lower central tolerance limits.

3.4.6 Mechanical Properties of Weld-Overlaid Stainless Steel Forging —
R. L. Klueh

During this quarter, we completed a series of tests at 538°C (1000°F)

on composite specimens that contained both weld metal and forging in the

gage section of the test specimen. The results of these tests are given

in Table 3.36. Since the tensile properties of these specimens were

similar to those of the weld metal,105 the creep-rupture results were

compared with those for the weld metal. For all stresses, the composite

specimens had the longest rupture times; the difference appeared to become

larger as the stress was lowered. The minimum creep rates were not compared,
since it is difficult to determine the correct gage length to use for

composite specimens (i.e., deformation is not uniform in the reduced section,

since most of the deformation occurred in the weld metal). Visual inspection



Table 3.33. Least Squares Estimates of Coefficients for Impact Energy Model

Cc(efficients (Standard Deviations)
Residual

Standard

Errors

Number of

Observations
Data Set

Upper Shelf
Energy, A

(J)

B

Lower

Temperature

Limit, C

CO

KB-1 164 (±7) 0.000317 (±0.000112) -36 (±7) 16.3 15

KB-2 218 (±9) 0.000131 (±0.000061) ^48 (±14) 20.6 12
NJ

KB-3 111 (±7) 0.000178 (±0.000113) -29 (±17) 10.6 6 OJ

KB-4 201 (±13) 0.000077 (±0.000029) -63 (±15) 18.7 11

CE-1 145 (±4) 0.000223 (±0.000053) -39 (±6) 5.8 6

CE-2 227 (±20) 0.000093 (±0.000063) -45 (±24) 26.5 6

GA-1 98 (±29) 0.000032 (±0.000026) -90 (±26) 5.1 14

GA-2 82 (±4) 0.000629 (±0.000168) 4 (±4) 9.3 16

GA-3 184 (±166) 0.000022 (±0.000032) -57 (±24) 8.0 16



234

Table 3.34. Impact Energy (10 and 20 J)
Temperatures for 2 1/4 Cr-1 Mo Steel

Data Set
Temperature , °c

10 J 20 J

KB-1 -21.7 -15.5

KB-2 -29.4 -21.3

KB-3 -6.2 4.2

KB-4 -36.8 -25.6

CE-1 -21.3 -13.4

CE-2 -23.2 -13.7

GA-1 -32.5 -6.0

GA-2 18.8 25.5

GA-3 -6.2 15.9

Table 3.35. Least Squares Estimates of Coefficients in Equation for
Ultimate Tensile Strength and Yield Strength

Coefficient
Value, Metric Units Value, English Units c

UTS YS UTS YS

ao 527 263 79.3 39

«i -1.03 -0.315 -9.61 x 10-2 -0.0281

«2 4.54 x io-3 9.39 x IO"" 2.17 x IO"" 4.46 x IO"5

a3 -5.83 x io-6 -1.08 x IQ"6 -1.45 x 1Q-7 -2.69 x 10~8

In equation property Y = a0 + a^T + a2T2 + a3T3.
hY in MPa, T in °C.
°Y in ksi, T in °F.
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Table 3.36. Creep-Rupture Properties of Composite Types 304 and
308 Stainless Steel Specimens at 538°C (1000°F).

Stress Rupture

Life

(hr)

26.4

Elongation

(%)

28.5

Reduction

of Area

(%)

Minimum

(ksi) (MPa)

379

Creep Rate

(%/hr)

55 60.7 0.208

50 345 144.8 17.3 17.1 0.0275

47.5 328 219.0 21.8 54.9 0.0204

45 310 617.7 12.4 10.8 0.00412

42.5 299 2210.4

indicated that all specimens necked and failed in the weld metal. Selected
specimens are being prepared for metallographic examination.

With the exception of several long-time tests still in progress, the
experimental part of our creep-rupture program is complete. This program
consisted of tests made at 482, 538, and 593°C (900, 1000, and 1100°F) on

tangential and radial (relative to the axis of the forging cylinder) speci
mens taken from the weld metal and from forging adjacent to the interface

between the weld metal and the forging.106"109 Two types of axial specimens
were also tested: specimens taken from as-forged material and specimens
taken across the fusion line. In the following, the results of these
studies will be discussed.

The previous microhardness and tensile studies determined that the

overlaying process affected the underlying forging.105 A strengthening
(in terms of increased microhardness and yield strength) was observed;
the strengthening was not confined to a superficial distance from the
interface; a depth of about 0.8 in. (20 mm) was affected, the microhardness
progressively decreasing with distance from the fusion line. The creep
and rupture properties were also affected by the overlay process.

In Figs. 3.114 and 3.115 the creep rupture data for the overlay weld
metal and the two types of forging specimens are compared at 593 and 538°C
(1100 and 1000°F), respectively. At both temperatures, the forging
adjacent to the fusion line is slightly stronger than the forging that
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Fig. 3.114. A Comparison of the 593°C (1100°F) Creep-Rupture
Properties of the Type 304 Stainless Steel Forging, Type 308 Stainless
Steel Weld Metal, and Type 304 Stainless Steel Forging Adjacent to the
Overlay-Forging Fusion Line. (a) Rupture life. (b) Minimum creep rate.
Also shown is the scatter band for the data compiled by Smith for

type 304 stainless steel.

was some distance from the fusion line and unaffected by the overlay

process; at 538°C the difference becomes greater as the rupture stress

decreases. Both types of forging specimens are considerably stronger

than the weld metal.

Also shown in Figs. 3.114 and 3.115 is a summary of data compiled by

Smith1*9 for the creep-rupture strengths of a large number of heats of

wrought type 304 stainless steel in the form of plate, bar, and pipe.

For Smith's data at 593°C (1100°F), a scatter band is shown in Fig. 3.114.
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Fig. 3.115. A Comparison of the 538°C Creep-Rupture Properties of
the Type 304 Stainless Steel Forging, Type 308 Stainless Steel Weld Metal,
and Type 304 Stainless Steel Forging Adjacent to the Overlay-Forging
Fusion Line. (a) Rupture life. (b) Minimum creep rate. Also shown is
a line for the data compiled by Smith for type 304 stainless steel.

At 538°C (1000°F), Smith has but six data points, and the line through these

points is shown in Fig. 3.115. Smith has no data at 482°C (900°F). A

similar compilation of stainless steel weld metal data has been published

by Vorhees and Freeman,110 but no data are given for type 308 stainless
steel at 482, 538, and 593°C.

It is seen in Fig. 3.114(a) that the creep-rupture strengths at 593°C

(1100°F) for the type 304 stainless steel — as forged and immediately

adjacent to the fusion line — are somewhat greater than the average of
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those given by Smith"*9 and slightly greater than Smith's maximum. A

similar conclusion applies at 538°C (1000°F). The tensile properties for

this forging also fell on the upper edge of the scatter band given by

Smith. The weld metal properties fall near the center of the Smith scatter

band at 593°C and slightly above the Smith data at 538°C.

The only type 308 stainless steel weld metal data for comparison is

that of King, Stiegler, and Goodwin,70 who determined the creep-rupture

properties of submerged-arc welds of type 308 stainless steel weld metal

in which the residual elements boron, titanium, and phosphorus had been

controlled. They tested the type 308 CRE (controlled residual elements)

stainless steel at 482, 566, 593, and 649°C (900, 1050, 1100, and 1200°F);

at 566 and 649°C, the type 308 CRE stainless steel had strength properties

as good as or better than those given by Voorhees and Freeman.110 When

the creep-rupture data for the overlay weld metal were compared with the

King, Stiegler, and Goodwin70 data at 482 and 593°C, it was found that the

overlay is as strong as or stronger than the type 308 CRE stainless steel.

In Figs. 3.116 and 3.117 the elongation and reduction of area are

shown as functions of rupture life for the tests at 593 and 538°C (1100

and 1000°F), respectively. The curves shown are meant only to represent

the trend of the data (these are visual fits). For the weld metal,

separate curves were required for the radial and tangential specimens,

whereas the ductility of the specimens from the two forging locations

was independent of orientation. For the tests at 593°C (Fig. 3.116) the

ductility of the weld metal — both radial and tangential orientations —

decreased with rupture life (decreasing stress) and appeared to approach

a single curve at long times. Forging from both locations displayed a

minimum in ductility with increasing rupture life. At 538°C (Fig. 3.117), a

similar trend is evident, though the minimum observed for the type 304

stainless steel at 593°C is not evident (this may mean that it occurs at

longer rupture times than those measured in this study).

The primary motivation for the development of the type 308 CRE stainless

steel was improved ductility, which King, Stiegler, and Goodwin70 were able

to demonstrate. A comparison with their data at 593°C (1100°F) indicates

that the type 308 CRE stainless steel is more ductile. For rupture times

of about 450 and 3000 hr, the total elongation of type 308 CRE stainless
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steel was 22 and 13%, respectively, which compares with the total elongations

of the overlay weld metal of 15 and 4% at 450 and 3700 hr, respectively.

The observed advantage in creep strength for the forging immediately

adjacent to the fusion line over the forging at some distance from the
fusion line is consistent with the yield strength advantage noted previously.

We concluded105 that this strengthening effect must be the result of

stresses generated in the forging by shrinkage of the weld metal during
solidification. This strengthening effect has a greater influence than

the "annealing" due to the heating cycle during welding.

With transmission electron microscopic examination of the microstructure

of the type 304 stainless steel at various distances from the fusion line,
we found that the dislocation density immediately adjacent to the fusion

line was much higher than it was in forging well-removed from the fusion

line, an indication of the stresses generated during welding. Furthermore,
the dislocation density decreased in the vicinity of the fusion line as

samples were taken further from the fusion line, which agrees with the

microhardness results.

It was observed - especially from the curves of stress versus minimum

creep rate - that the properties of the as-forged material and that
immediately adjacent to the fusion line differ less for the high-stress

tests (short rupture life); the deviation in properties increases as the
stress decreases. This can be explained in terms of the initial dislocation

densities. The higher the creep stress, the greater is the plastic

deformation introduced when the test is started. For a high-stress test,

the larger number of dislocations introduced into the material during

loading swamps the effect of the dislocations introduced by the overlay

process. At lower loading stresses, the dislocations introduced by the

overlay process have a much greater effect, since they make up a greater

proportion of the total dislocation structure. Thus, the greater deviation

of properties at the low stresses.

3.5 HIGH-TEMPERATURE DESIGN - J. M. Corum and C. E. Pugh

3.5.1 Exploratory Studies in Support of Structural Design Methods
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3.5.1.1 Characterization of the Product Forms of the Reference Heat of
Type 304 Stainless Steel - R. W. Swindeman and V. K. Sikka

Creep-rupture characterization testing has been completed for
nearly all the product forms of the reference heat (9T2796) of type 304
stainless steel. The status is summarized in Table 3.37, while secondary
creep rate and rupture data at 593°C (1100°F) are plotted in Fig. 3.118.
Data at 35, 30, and 25 ksi (241, 207, and 172 MPa) were fitted to a
power law, by least squares, and used to calculate the 1000-hr rupture
strength and the Hrt/hr creep strength. Rupture strengths, reported
in Table 3.38, range from 22.7 ksi (156 MPa) for 2-in. (51-mm) plate to
24.47 ksi (169 MPa) for the 21/2-in. (64-mm) cold-drawn pipe. The
relative strengths of the different products depend, to acertain extent,
on variables associated with experimental techniques. For example, the '
1000-hr rupture strength obtained from data of the Babcock and Wilcox111
study of the hot-rolled 5/8-in. (16-mm) bar (item 18) is 24.3 ksi (167 MPa),
which is substantially greater than the 23.1 ksi (159 MPa) observed by
us. Strength differences appear to be associated with differences in
heat-treating methods, which may produce differences in grain size or
carbide distribution. This is particularly true for the hot-rolled
5/8- and 1-in. (16- and 25-mm) bar materials (items 18 and 19), which seem
to develop aduplex grain size111 after reannealing at 1093°C (2000°F) for
0.5 hr. We are examining other bar products to see if they suffer similar
problems.

The cold-drawn 5/8-in. (16-mm) bar (item 23) does not seem to be a
problem. Microstructures produced by reannealing at temperatures between
1010 and 1120°C (1850-2048°F) show that grain size differences are scarcely
detectable. Further, no significant differences in the yield strengths
can be detected. To further examine the sensitivity of the creep strength
to heat-treating variables several specimens were reannealed at 1050°C
U922°F) and tested at 593°C (1100'F). Data, included in the graph for
this product form in Fig. 3.118, were about the same as data produced by
testing specimens reannealed at 1093°C (2000°F). Some of this material
has been shipped to the University of Cincinnati for further testing.
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Table 3.37. Status of Creep-Rupture Tests on Different
Product Forms of the Reference Heat of Type 304

Stainless Steel (Heat 9T2796)

Item Form

Sizeb
Designation

Tests

(in.) (mm)
Completed

4 Plate 3/8 9.5 L All

5 Plate 1/2 12.7 J All

6 Plate 3/4 19 H All

7 Plate 1 25 M All

8 Plate 2 51 K All

10 Pipe 4 sched 160 102 B All

11 Pipe 8 sched 80 203 A All

15 Pipe 2 1/2 OD (CD) 64 D All

51C Pipe 2 1/2 OD (HR) 64 C All

18 Bar 5/8 (HR) 16 R All

19 Bar 1 25 T (1), (2), (3)

20 Bar 1 3/4 44 G (1) , (2), (3), (5)

21 Bar 1 7/8 48 F (1) , (2), (3), (5)

22 Bar 4 1/2 114 E All

23 Bar 5/8 (CD) 16 S (1), (2), (3)

aTests at 593°C (1100°F) and (1) 35 ksi (241 MPa); (2) 30 ksi
(207 MPa); (3) 25 ksi (172 MPa); (4) 15 ksi (103 MPa); (5) 12.5 ksi
(86 MPa).

CD = cold drawn; HR = hot rolled.
c

Gun-drilled bar.
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Fig. 3.118. Rupture and Creep Rate Characterization Data at 593°C
(1100°F) for the Reference Heat (9T2796) of Type 304 Stainless Steel.
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Table 3.38. Summary of Creep-Rupture Characterization of Different
Product Forms of the Reference Heat of Type 304 Stainless Steel

]Etem,

'nation

1000-hr Rupture Strength 10 2 %/hr Creep Strength

Desij
ksi MPa ksi MPa

4 L 23.97 165 24.58 169

5 J 24.16 166 24.37 168

6 H 24.34 168 26.10 180

7 M 23.27 160 24.98 172

8 K 22.70 156 25.36 175

10,, B 24.46 169 25.73 177

11 A 24.43 168 26.02 179

15 C 23.10 159 24.74 170

51 . D 24.47 169 26.02 179

18 . R 23.10 159 24.74 170

19 . T 23.72 163 24.28 167

20 . G 23.67 163 24.77 171

21 , F 23.93 165 25.47 175

22 . E 23.49 162 24.34 168

23 » s 23.4 161 24.8 171

3.5.1.2 Tensile Testing of 1-in. (25-mm) Plate of the Reference Heat
of Type 304 Stainless Steel - R. W. Swindeman

The purposes for tensile testing the reference heat (9T2796) of

type 304 stainless steel are to (1) characterize the material relative

to other heats of type 304 stainless steel, (2) provide the stress-strain

data required to establish the monotonic yield and flow behavior necessary

to analyze the results of structural tests, and (3) explore the extent

and nature of the rate dependence of the monotonic yield and flow strength.

The basic tensile behavior of the 1-in. (25-mm) plate has been presented

elsewhere,112 and recent work has involved the exploration of flow

behavior under changing temperature and strain rate conditions. The Voce

equation has been shown capable of representing the true-stress true-

strain curve over a broad range of testing conditions, and we hope that
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this equation can be developed as a link between tensile and creep

behavior. The model, developed elsewhere,112 is being evaluated by

comparing the results of ultralow-strain-rate tests against the behavior

predicted by the model. A comparison is shown in Fig. 3.119 for a test

at 482°C (900°F) and a strain rate averaging 4.3 x 10"8/sec. The model

dearly predicts a higher ultimate strength and uniform elongation than

actually developed; hence, it appears that additional testing at temper

atures in the regime 427 to 538°C (800-1000°F) will be required before

the ultralow-strain-rate behavior can be fully understood. Further

information concerning the relationships between tensile and creep

behavior is provided in the next section.
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Fig. 3.119. Tensile Curve for Type 304 Stainless Steel at 482°C
(900°F) at an Ultralow Strain Rate. Test was terminated by an inter
granular failure after 1670 hr.

3.5.1.3 Creep-Rupture Testing of the 1-in. (25-mm) Plate of the
Reference Heat of Type 304 Stainless Steel - R. W. Swindeman

A summary report concerning creep-rupture correlations for the

1-in. (25-mm) plate of the reference heat (9T2796) of type 304 stainless
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steel is being prepared. The fit of several time-temperature parameters

to engineering stress-rupture data has been reported previously, and

in this report we consider data in the form of modulus-compensated true

stresses. In earlier studies 42 stresses were adjusted to reflect true

stresses by using the strain at the inflection point of the creep curve.

Here, to be consistant with workers at the University of Cincinnati, we

use the strain that represents the sum of the loading, transient, and

one-half of the linear component. Thus:

a = 5(1 + e + et + efi*fl/2) (59)

where a is true stress, S is engineering stress, e is loading strain,

e, is transient strain, €„ is secondary creep rate, and t„ is rupture

life. Creep-rupture data are plotted in Fig. 3.120, while a fit of the

Barrett-Ardell-Sherby1J3 parameter to the data is shown in Fig. 3.121.

In contrast to the fit of the Orr-Sherby-Dorn parameter to engineering

data,1*2 the Barrett-Ardell-Sherby parameter exhibits only slight curvature

in the master curve. To explore this in more detail, we examined the

high-stress short-time behavior by using data produced in a tensile test.

True-stress versus true-strain data are shown in Fig. 3.122 for tensile

tests at 538 and 704°C (1000 and 1300°F). Included are data from Diercks

and Burke11"* on the same heat of type 304 stainless steel but in the

aged condition. At 704°C, the strain is clearly accumulated between the

ultimate strength and the rupture strength at nearly constant stress.

Thus, the time between the ultimate and fracture is roughly equivalent

to the rupture life, tn, of a "true stress" creep test. Also under these

conditions, the Voce constant,112 a , is roughly equivalent to the true

flow stress. Thus, we should be able to plot O against t„ as a short-

time creep-rupture point. It is far from obvious that the treatment is

applicable at 538°C, however, since the material fails before a is

achieved. Nonetheless, a plot of O^ versus t„ pairs is shown in Fig. 3.123

and includes data to 538°C. The line through the data represents the

master curve replotted from Fig. 3.121, and the near-linear behavior

appears valid up to some fairly high stress levels. It has been shown,112
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Fig. 3.120. Modulus-Compensated True Stress Plotted Against Rupture
Life for Type 304 Stainless Steel (Heat 9T2796).
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however, that type 304 stainless steel shows a critical strain rate at

which the om values diminish with increasing strain rate. Data taken

from tests in this regime do not plot on the curve shown in Fig. 3.123.

Correlations of the linear strain component are also being attempted

on the basis of modulus-compensated true stresses. At temperatures

between 482 and 649°C (900-1200°F) it appears that the "true" linear

strain component, £„, is sensitive to temperature and, to a first

approximation, can be represented by the relation:

zt = (1/K)f(a/M)e-QIET

where K is a constant, f(o/M) is some function of modulus-compensated

true stress, R is the gas constant, T is absolute temperature, and Q is

an activation energy near 35,000 cal/mole (146 kJ/mole). Data for two

heats of type 304 stainless steel are plotted in Fig. 3.124.

3.5.1.4 Strain Cycling Tests of Type 304 Stainless Steel - R. W. Swindeman

No contribution for this reporting period.

3.5.1.5 Exploratory Testing of 2 1/4 Cr-1 Mo Steel - R. W. Swindeman and
R. L. Klueh

One additional relaxation test (SA-211A) on 2 1/4 Cr-1 Mo steel at

510°C (950°F) was initiated during this reporting period. Data are shown

with previously reported data in Fig. 3.125. The latest test, started

near 30 ksi (207 MPa), relaxed more slowly than the test (SA-207A) started

near 39 ksi (269 MPa), and the two relaxation curves actually cross near

100 hr. The reason for this behavior is not known, and additional testing

would be desirable before any conclusions are drawn.

The creep-plasticity test at 510°C (950°F) reported last quarter

was continued into this reporting period. After 1300 hr emphasis was

placed on cyclic creep behavior, rather than creep-plasticity behavior,

and about 30 cycles of 48 hr duration were introduced at ±18 ksi
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Fig. 3.125. Relaxation Curves for 2 1/4 Cr-1 Mo Steel at 510°C (950°F),

(±124 MPa) or +25/-18 ksi (+172/-124 MPa). Our most significant obser

vation concerned the influence of the tensile stress on the compressive

creep component. This is illustrated in Fig. 3.126, where portions of

the cyclic curves are shown for the two stress ratios mentioned above.

It appears that the compressive creep component is significantly

greater after tensile creep at 25 ksi (172 MPa) than after creep at

18 ksi (124 MPa).

3.5.2 Investigations of Creep Failure Under Uniaxial and Multiaxial
Conditions — C. C. Schultz, Babcock and Wilcox

3.5.2.1 Constant-Load Uniaxial Tests

Figure 3.127 shows the creep strain-time results for tests BWR-9

(18 ksi), BWR-11 (17 ksi), and BWR-7 (16 ksi), the only tests of the

original constant-load uniaxial tests shown in Table 3.39 that are still

in progress. The estimated rupture times for these three stress levels,

based on an extrapolation of a linear least-squares fit of the log stress-

log rupture time data in Table 3.39, are 21,500, 37,400, and 67,400 hr

respectively. Based on time to onset of tertiary creep, rupture in test

BWR-9 is expected to occur very near the estimated time, while in test

BWR-11 rupture is expected to occur in considerably less time than was

estimated.
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3.5.2.2 Step-Load Uniaxial Tests

The initial series of step-load uniaxial tests was completed during

the previous reporting period.115 The calculated life fractions reported

in Table 3.40 have been modified to reflect a more recent curve fit (linear

log-log least squares) and extrapolation of the constant-load data. The

adjustments are small in all cases.

3.5.2.3 Interrupted Uniaxial Tests

The six interrupted uniaxial tests (all at 19.5 ksi) are shown in

Table 3.41 and Fig. 3.128. The specimen in test BWI-3 ruptured during the

previous reporting period.115 The original intent of this test series was

to terminate pairs of tests at different life fractions for destructive
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testing. From each pair, one specimen was to be used for metallographic

examination and one for a short-time tensile test to failure. It was

anticipated that the creep response of all specimens would be similar, so

that the examination of different specimens at different life fractions

would be a reasonable approximation to the desired examination of a single

specimen at different points in its life. The data of Fig. 3.128 suggest

treating these six tests as two separate groups, one consisting of tests

BWI-1, BWI-2, and BWI-4, and the other of tests BWI-3, BWI-5, and BWI-6.

Plans are to let test BWI-2 proceed to failure; test BWI-1 will be

terminated for metallographic examination. Test BWI-4 will be terminated

at initiation of tertiary creep (estimated from the data of tests BWI-1

and BWI-2) for short-time tensile testing to failure at 593°C (1100°F).

In the second group of tests, test BWI-3 has ruptured. Tests BWI-5 and

BWI-6 will be terminated near initiation of tertiary creep (estimated



Table 3.39. Constant-Load, Uniaxial Rupture Tests
[Type 304 Stainless Steel (Heat 9T2796); 593°C (1100°F)]

Test

No.

Specimen

No.

Stress

(ksi)

Total

Strain on

Loading

Time to

Secondary
Creep

Minimum

Creep
Rate

Time to

Tertiary

Creepb

Intercept

Creep
Strain

Test

Time

(hr)

Fracture
e

Elongation

(%)

Reduction

in Area

(%)
m (hr) (%/hr) (hr) (%)

BWC-1 7-15 30 5.0 187 R 19.0 30.5

BWR-1 7-1 30 7.80 138 R 21.5 32.9

BWC-2 2-22 28 6.35 40 0.016 195 0.50 227 R 13.0 20.4

BWR-2 2-1 28 5.75 40 0.022 2 30 0.65 368 R 16.5 29.0

BWR-13 7-13 28 6.57 60 0.023 215 0.88 276 R 16.5 18.9

BWC-9 7-25 28 4.25 85 0.021 330 1.16 415 R 18.3 25.2

BWC-3f 7-28 25 4.20 80 0.0065 500 0.45 667 R 12.7 12.0

BWR-3 7-8 25 3.90 100 0.0079 585 0.71 948 R 17.0 23.2

BWC-4 2-28 22 4.00 175 0.0014 1,400 0.60 2,130 R 10.7 13.7

BWR-4 7-7 22 3.30 160 0.0030 1,170 0.72 2,026 R 12.5 16.6

BWC-58 2-15 20 D

BWC-5B 2-16 20 1.83 5000 0.000165 8,700 1.84 9,584 R 10.5 12.0

BWR-5h 2-14 20 2.02 4,842 D

BWR-14 2-9 20 2.02 3200 0.00044 5,800 1.88 6,868 R 8.5 13.1

BWC-10 7-18 20 1.58 4000 0.00021 8,000 2.30 9,450 R 9.3 14.3

BWR-6 7-14 19 1.48 6000 0.000073 13,500 2.90 17,547 R 9.5 12.6

BWR-9 7-11 18 1.15 7500 0.000036 18,000 2.40 20,200 I

BWR-111 2-12 17 94 D

BWR-1IB 2-10 17 1.35 6000 0.000033 20,000 1.60 20,300 I

BWR-7 2-4 16 0.60 20,900 I

t 1.49-ksiAll specimens were step loaded at 1.87-ksi increments, except test BWC-5B, which was step loaded a
increments.

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

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

R = rupture; D = discontinued; I = in test.

eElongation over 3 in. in BWC series; over 2 in. in BWR series.

Failure occurred near end of gage length.

8Temperature excursion to 704°C (1300°F) prior to loading; replaced by test BWC-5B.

hTemperature excursion to 749°C (1380°F) at 4842 hr; terminated,
temperature excursion at 704°C (1300oF) at 94 hr; replaced by test BWR-11B.

NJ

Ui
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Table 3.40. Step-Load Uniaxial Rupture Tests,
Type 304 Stainless Steel (Heat 9T2796), 593°C (1100°F)

Test

No.

Specimen

No.

Stress

(ksi)

Total

Strain on

Loading

(%)

Time at

Load

(hr)

Life

Fraction

(Z)

Fracture ,

Elongation
(Z)

Reduction

in Area

(Z)

BWC-6 2-17 16

25

20

0.42 3,871
136

9,251

6

15

120

13,258 R 141 9.0 16.0

BWR-10 2-11 16

25

20

1.05 3,871
136

5,655

6

15

73

9,662 R 94 11.5 17.8

BWC-7 2-18 17

25

20

1.00 3,699
136

5,066

10

15

66

8,901 R 91 12.0 20.6

BWR-8 2-5 17

25

20

0.88 3,703
136

8,901

10

15

115

12,740 R 140 11.0 13.8

BWC-8 7-16 18

25

20

2.05 5,071
136

5,420

24

15

70

10,627 R 109 8.0 15.5

BWR-12 7-12 18

25

20

1.68 4,897
136

3,996

23

15

52

9,029 90 11.5 17.2

BWLF-5 2-25 20

25

20

2.06 503

198

5,246

7

22

68

5,947 R 97 12.5 17.0

BWLF-5B 2-21 21

25

21

2.62 500

200

1,236

10

23

26

1,936 R 59 10.3 15.9

BWLF-6 7-22 21

25

21

3.11 500

200

1,214

10

23

25

1,914 R 58 10.5 14.8

BWLF-7 2-26 21

25

21

2.60 750

136

2,003

16

15

42

2,889 R 73 12.3 20.5

BWLF-8 7-23 21

25

21

1.85 750

136

3,711

16

15

77

4,597 R 108 12.3 15.4

BWLF-9 7-24 21

25

21

2.55 1,014
136

1,816

21

15

38

2,966 R 74 18.0 16.5

BWLF-10 2-2 7 21

25

21

2.47 1,006
136

2,286

21

15

48

3,428 R 84 16.0 18.2

as determined from a linear log-log least
data.

BWLF series; over 2 in. in BWR series.

Based on average time to rupture
squares curve fit of the constant-load

Elongation over 3 In. in BWC and
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Table 3.41. Interrupted Uniaxial Tests, Type 304 Stainless Steel (Heat 9T2796), 593°C (1100°F)

Test

No.

Specimen
No.

Stress

(ksi)

Total

Strain on

Loading

(%)

Time to

Secondary
Creep
(hr)

Minimum

Creep
Rate

(%/hr)

Time to

Tertiary
Creep
(hr)

Intercept

Creepc
Strain

(%)

Testd
Time

(hr)

Fracture

Elongation

(%)

Reduction

In Area

(%)

BWI-1 6-4 19.5 0.98 5600 0.00008 13,000 3.3 15,000 I

BWI-2 6-5 19.5 1.07 5400 0.00010 13,000 3.2 15,000 I

BWI-3 6-6 19.5 1.50 4800 0.00019 9,000 3.2 11,608 R 11.0 13.3

BWI-4 6-1 19.5 0.98 8,100 I

BWI-5 6-2 19.5 1.65 8,100 I

BWI-6 6-3 19.5 1.30 8,100 I

aAll specimens were step loaded at 1.87-ksi increments.
Time to tertiary creep based on the 0.2% offset from the minimum rate line.

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

R •• rupture; I - in test.

eElongation over 2-in. gage length.

NJ

^1
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mrm^?' 3-128. Comparison of Uniaxial Load Tests at 19.5 ksi and 593°C
(1100 F), Type 304 Stainless Steel (Heat 9T2796) 5/8-in. Bar. All Data
from Load Train Motion.

from the data of test BWI-3) for metallographic examination and tensile
testing. The grain size of all six specimens will be determined.

3.5.2.4 Biaxial Test

The pressure inlet line in test BWTR-3 was replaced,115 and a sub
sequent helium leak test was negative. The specimen will be reloaded to

the original equal biaxial tension of 21.85 ksi.

3.5.2.5 Loading Strains

The total strain on loading has not been reported for the BWR and BWI
series tests, since measurements of only the full load train motion are
normally obtained. To obtain this information, which is now included in
Tables 3.39 to 3.41, we have assumed that the load-deflection response
of these machines is linear throughout the full load range, so that any
nonlinearity is the result of specimen plasticity. Several of the 2-in.
gage length threaded specimens have recently been tested with extensometers
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over the gage length and have shown this to be an acceptable procedure.

Also note in Tables 3.39 and 3.40 that the total strain on loading for many

of the BWC and BWLF series tests has been adjusted from previously reported

values. This is due to the fact that resistance to plastic flow has

frequently been observed during the final load increment, as shown in Fig.

3.129. This resistance was found with both measuring systems (gage length

and load train measurements), so it is not the result of an extensometer

malfunction. The values now reported in Tables 3.39 and 3.40 are based on

an extrapolation of the data as shown in Fig. 3.129. Contrary to what

might be expected, this resistance to flow is not rapidly overcome during

subsequent creep flow.

3.5.2.6 Inconsistent Microstructure

During this reporting period significant effort was directed to the

preparation of a topical report summarizing our findings with respect to

the inconsistent microstructure that we have observed in the 5/8-in.-diam

EXTRAPOLATED

TOTAL LOADING STRAIN

ORNL DWG 75 5791

TEST BWLF-8

SPECIMEN 7-23

• DCDT OVER GAGE LENGTH

A DIAL GAGE OVER LOAD TRAIN

AFTER ADJUSTMENT FOR

MACHINE FLEXIBILITY

Fig. 3-129. Temporary Resistance to Flow During Loading.
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hot-rolled bar product form (heat 9T2796)116 and the observed differences
in creep response between our two types of uniaxial creep testing machines.117
A draft of that portion of the topical report concerning the inconsistent
microstructure was completed and submitted to ORNL for review. The prepara
tion of the remainder of the report is still in progress.

Significant conclusions have been reached concerning the microstructural
instabilities. The instability111 referred to is the formation, during the
laboratory reanneal, of a heterogeneous duplex grain structure such as
that shown in Fig. 3.130. Similar structures in the same product form of
heat 9T2796 have been observed at both ORNL and at Argonne National Labora
tory. In addition, the same structure has been observed in the l-in.-diam

hot-rolled bar at the Westinghouse Research and Development Laboratory.
A review of the B&W uniaxial data has led B&W to the conclusion that

these variations in structure contribute significantly to the observed
scatter in both the constant-load and step-load time-to-rupture data.

3.5.2.7 Machine/Specimen Differences

Test BWC-10 (20 ksi), which was part of B&W's investigation of the

apparently different creep strain-time responses exhibited by the two

types of uniaxial testing machines and specimens, ruptured during this
reporting period. The purpose of this test was to determine if signifi
cant strain localization occurred prior to initiation of tertiary creep.
To evaluate this effect, the specimen had extensometers over the full

3-in. gage length and over the center 2 in. of the gage length, as well as
a dial gage monitoring the full load train motion. The failure occurred at

the attachment location of the 3-in. gage length extensometers with a

reduction in area of 14.3%. A similar local reduction in area (9.6%)
existed near the center of the gage length. Nominally the reduction of

area was under 4% in the rest of the specimen. The creep strain-time

data as determined from the three methods of measurement are shown in

Fig. 3.131. (The load train data actually extend to approximately 6.3%.)
Although the data have not been fully evaluated, it is apparent that the
strain, as determined within the center 2 in. of the gage length, attained
a lower minimum rate than the strain as determined over the full 3-in. gage
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Fig. 3.131. Constant Uniaxial Load Creep-Rupture Test to Evaluate
Localization of Strain in 3-in. Buttonhead Creep Machine Specimen. Loaded
at 20 ksi and 593°C (1100°F). Type 304 Stainless Steel (Heat 9T2796)
5/8-in. Bar.

length. This would indicate that strain localization occurred prior to

the attainment of a minimum creep rate over the full gage length.

Figure 3.132 shows the results of six tests that were conducted at

20 ksi, two of which had different reannealing times. Test BWR-5 was

previously terminated at 4842 hr because of overheating. For that test

the strain-time datawere determined by load train motion; only the data

prior to overheating are reported. The strain-time data for the other

tests were determined by actual gage length displacement. The 2-in.

specimens in Fig. 3.132 consistently show higher creep strain and strain

rate, and shorter rupture time than the 3-in. specimens, although there

are also large differences for specimens of the same type. We are now

planning to investigate machine/specimen differences using an in-house

heat of 304 stainless steel with uniform grain size.
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6.0

TIME (hrl

ORNL DWG 75-5793

BWR-15 DCDTs OVER
2-in. GAGE LENGTH

BWC-11 DCDTs OVER
3-in. GAGE LENGTH

BWR-5 DCDT OVER FULL
LOAD TRAIN

BWR-14 DCDTs OVER
2-in. GAGE LENGTH

BWC-5B DCDTs OVER
2-in. GAGE LENGTH

BWC- 10 DCDTs OVER
3-in. GAGE LENGTH

1093°C
(2000°FI
90 min

1093°C
(2000°FI
30 min

12.0 (X 10"J)

Fig. 3.132. Comparison of Uniaxial Load Creep-Rupture Tests at 20
ksi and 593°C (1100°F). Reannealed as Indicated. Type 304 Stainless
Steel (Heat 9T2796) 5/8-in. Bar.

3.5.2.8 Modified Reanneal

It was previously reported111 that a modification to the reanneal had

been devised to alleviate the problem of grain size variability. The modi

fication was to extend the time, at 2000°F, from 30 to 90 min. Verifica

tion of the adequacy of this treatment was made on three separate occasions

by reannealing, for an additional 60 min, specimens which were known to have

heterogeneous duplex grain structures following the initial 30-min anneal.

It has now been established that this modified reanneal is not adequate.

Four specimens which had received the additional 60-min anneal were sub

jected to creep-rupture testing, two at 20 ksi and two at 25 ksi (see

Table 3.42). Three of these specimens have since ruptured, and photo

micrographs are available for the two specimens as shown in Fig. 3.133.

Specimen 7-19 attained a reasonably uniform grain size estimated at

ASTM 1-2. Specimen 7-2 retained the heterogeneous structure, with the

core grains an estimated ASTM 4 size and the outer grains an estimated

ASTM 0 size. After this experience, it is B&W's opinion that any reanneal



Table 3.42. Uniaxial Constant-Load Rupture Tests on Specimens Reannealed at 1093°C (2000°F) for 90 min

Test

No.

Specimen
No.

Stress

(ksi)

Total

Strain on

Loading

(%)

Time to

Secondary
Creep
(hr)

Minimum

Creep
Rate

(%/hr)

Time to

Tertiary
Creep
(hr)

Intercept
Creep
Strain0

(%)

Test

Time

(hr)

Fracture

Elongation

(%)

Reduction

in Area

(%)

BWR-15 2-3 20 2.50 225 0.00088 3000 0.50 4240 R 10.5 10.9

BWC-11 2-19 20 2.90 500 0.00066 0.43 3600 I

BWC-13 7-19 25 5.30 135 0.0049 405 0.42 467 R 10.0 16.0

BWR-16 7-2 25 4.80 70 0.0090 250 0.50 284 R 11.5 21.1

All specimens were step loaded at 1.87-ksi increments.

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

Intercept creep strain does not include the elastic and initial plastic components.
R = rupture; I = in test.

a

"Elongation over 3 in. in BWC series; over 2 in. in BWR series.

»•
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procedure that would effectively eliminate the inconsistent grain structure

would, in all likelihood, result in such excessively large grains as to

invalidate the utility of the resulting data. As a result, alternate

product forms for B&W's use in future uniaxial tests are being reviewed.

The creep strain-time response of the two tests at 20 ksi (BWC-11 and

BWR-15) are included in Fig. 3.132. Again, the 2-in. threaded specimen

shows a higher secondary creep rate than the 3-in. buttonhead specimen. The

additional 60 min of annealing also resulted in a more prominent period of

steady-state creep than was observed in the other tests at 20 ksi. Figure
3.134 compares the creep at 25 ksi of the two specimens reannealed for

90 min to that of two specimens reannealed for 30 min.

19

12 -

_ BWR-16 DCDTs OVER 1
2-in. GAGE LENGTH 1093°C

• (2000°FI
A - BWC-13 DCDTs OVER 90 min

_

3-in. GAGE LENGTH J

0 - BWR-3 DCDT OVER FULL 1
LOAD TRAIN 1093°C

• (2000°FI
BWC-3 DCDTs OVER

-

3-in. GAGE LENGTH

- Ti

-j*l&^ .» ***

2

<

fc 9 -

tr
o

3 -

S***4

300 450 600

TIME (hr)

750 900

ORNL-DWG 75-5792

1050 1200

Fig. 3.134. Comparison of Uniaxial Creep-Rupture Tests Loaded
at 25 ksi and 593°C (1100°F). Reannealed as Indicated. Type 304 Stain
less Steel (Heat 9T2796) 5/8-in. Bar.
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3.6 MECHANICAL PROPERTIES OF HTGR STEAM GENERATOR AND PRIMARY CIRCUIT

MATERIALS — P. L. Rittenhouse

The goals of this program are (1) the determination of the long-

term compatibility of HTGR steam-cycle plant alloys with their environ

ment and (2) the compilation and analysis of materials design data for

commercial HTGRs. The achievement of these goals involves mechanical

property testing (i.e. tensile, creep, low-cycle fatigue, and crack

growth) of HTGR alloys at temperatures and in environments (helium and

steam) appropriate to their anticipated uses.

3.6.1 Tensile Testing — A. B. Boatwright, W. R. Corwin, and
P. L. Rittenhouse

Tensile tests from 22 through 871°C (72-1600°F), have been completed

on 1/2-in. (13-mm) Hastelloy X plate (heat 2600-3-4986). Results of

these tests, shown in Table 3.43, are consistent with literature values

for the properties of this alloy. Most of the tests were conducted at

a strain rate of 0.4%/min through yielding and then at a higher rate

(1.6%/min) to failure, but some later tests were run to failure at the

lower rate. The property most affected by the use of the constant

lower strain rate seems to be the reduction of area (e.g., note that at

760°C (1400°F) elongations exceeding 99% are found with the constant

strain rate, compared with below 60% with the other).

Testing of Hastelloy S to a matrix identical to that for Hastelloy X

has been completed, and data reduction and analysis are in progress.

3.6.2 Environmental Creep Testing — A. B. Boatwright and P. L. Rittenhouse

The matrix of current environmental creep tests is shown in

Table 3.44. All tests in progress (Frames 1-160, -161, -162, -168, and

-169) are operating with the premix gas supply at a pressure of 1.1 to

1.3 atm (0.11-0.13 MPa). Nominal composition of the gas is 275 yatm

(27.8 Pa) H2, 30 yatm (3.0 Pa) CH4, 12 yatm (1.2 Pa) CO, and 10-25 yatm

(1.0—2.5 Pa) H20. Test times to date range from 1000 to 1100 hr.

Environmental tests in Frames 1-163, -164, and -165 (see Table 3.44)

are constructed, and tests for 1-166 and -167 are now being built. All

will be supplied by the dynamic-mix system, which is currently being
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1-161

1-162

1-163

1-164
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Table 3.44. Matrix of Current Environmental Creeo Tests

Material

Test

Temperature
Stress

(ksi)
(°C) (°F)

(MPa)

2 1/4 Cr-1 Mo 593 1100 10 69

2 1/4 Cr-1 Mo 538 1000 15 103

Hastelloy X 704 1300 20 138

9 Cr-1 Mo 538 1000 15 103

2 1/4 Cr-1 Mo 482 900 25 172

2 1/4 Cr-1 Mo 538 1000 15 103

2 1/4 Cr-1 Mo 593 1100 10 69

2 1/4 Cr-1 Mo 593 1100 10 69

Tests in triplicate to check reproducibility of results.

calibrated. The desired level of impurities added to the helium for

these tests will be 1500 yatm (150 Pa) H2, 50 yatm (5.0 Pa) CH4, 450 yatm

(45 Pa) CO, and 50 yatm H2O. Moisture injection may be required to

achieve the 50 yatm level, and this feature, although planned, has yet

to be added to the system. The calibrations now in progress will give

us our system "equilibrium" water vapor levels. If these levels are too

low relative to that desired, the tests could be started with supply from

the premix system.

3.6.3 Subcritical Crack Growth Studies — W. R. Corwin and J. L. Frazier*

Tests are being conducted on 2 1/4 Cr-1 Mo steel in steam at 510°C

(950°F) at a variety of frequencies. At the first frequency investigated

(200 cpm), the effects of the steam environment are minimal. However,

if anything, there seems to be a slight enhancement of crack propagation

relative to testing in air. Since the size of this effect is quite small

(possibly within a reasonable scatter band for such testing), additional

tests — currently under way — will be necessary to verify that steam

*0ak Ridge Y-12 Plant.
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accelerates crack propagation. As a larger effect would be expected at

lower testing frequencies, the next set of tests will be run at 4 cpm

instead of 200 cpm.

Mechanical difficulties have been encountered with the electro-

hydraulic closed-loop test machine that is equipped for crack propagation

testing in simulated HTGR helium. The environmental supply and control

system has functioned well, but major overhaul of the mechanical controls

has been necessary. A limited amount of testing has been performed in

helium at 510°C (950°F), but results are insufficient to permit conclusions,

3.6.4 Fatigue Life Testing — J. P. Strizak

The MTS system is now capable of load-, displacement-, and axial

strain-controlled fatigue testing in air. (A simple computer is used in

conjunction with a diametral extensometer on an hourglass-shaped specimen

and a load cell to calculate axial strain.) Work is continuing to permit

use of the system in strain-controlled tests in simulated HTGR primary

coolant helium. Connections have been made to the helium supply and

control system; design of specimen grip modifications and an environmental

chamber are presently under way. Currently the unit is being used to

establish base-line data in air.
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6. WESTINGHOUSE ADVANCED REACTORS DIVISION

E. C. Bishop

6.1 INTRODUCTION

The program being performed at Westinghouse Advanced Reactors Divi

sion (ARD) is entitled "Validation of High Temperature Design Methods

and Criteria" (189a No. 04165). Two of the tasks in this program are

"Basic Specimen Testing" and Tubular Specimen Testing." The objective

of these tasks is to design and test specimens of increasing complexity

to determine the inelastic behavior and strain tolerances of Types 304

and 316 stainless steel under complex stress distributions. This report

covers the work performed during the period from December 1 to February

28, 1975.

6.2 BASIC SPECIMEN TESTING - N. J. Ettenson, M. Manjoine (Westinghouse
Research Laboratories)

A variety of specimen designs have been selected for this task,

as shown in Table 6.1 and Figure 6-1. Data obtained to date are presented

in Table 6.2.

6.2.1 Uniaxially Loaded Specimen Models with Nonuniform Gage Section

6.2.1.1 Test Piece Description (304 SS Heat 9T2796)

Types C and D test piece designs, as shown in Table 6.1, are used

for this part of the test program.

6.2.1.2 Current Results

The circumferentially notched round bar, D-6 (see Figure 6-1), has

two notched sections. Both notches were stressed at 20 ksi (138 MPa) at

1100°F for 4023 hours, at which time visual examination revealed fine

cracks in the oxide that had formed at the roots of the notches. The

specimen was halved; one notched section, D6-1, will be used for metallo

graphic examination and the other, D6-2, was reloaded at 20 ksi (138 MPa).

D6-2 has now completed 9500 hours without an instability in the deflection

rate. This time is about double the rupture time for that expected under
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TABLE 6.1

MODEL TYPES

(a)
Specimens From Base Material

Designation Description

A. Plane Stress Specimen

1/3 x 2/3 x 3 in. (8.5 x 17 x 76.2 mm) gage section.

B. Plate Specimen

1/3 x 10/3 x 3 in. (8.5 x 85 x 76.2 mm) gage section.

C Plate Specimen with Central Hole of 1/3 in. (8.5 mm) Diameter,
1/3 x 10/3 x 3 inc. (8.5 x 85 x 76.2 mm) plate section.

D- Round Circumferentially Notched Specimen,
Major Diameter = 0.96 in. (24.4 mm), Minor Diameter = 0.64 in.
(16.2 mm), Kt = 4, Root Radius = 0.018 in. (0.46 mm), Two
nearly identical notches in specimen.

E- Plate Specimen in bending and tension,
1/3 x 10/3 x 2 in. (8.5 x 85 x 50.8 mm) plates section,
eccentric load

F- Designation generally refers to failure or fracture; therefore,
it is not used to identify a type of model.

G. Plane Strain Specimen
1/3 x 10/3 x 1 in. (8.5 x 85 x 25.4 mm) gage section.
Ends constrained in transverse direction

H- Biaxially Loaded Notched Plates,
Wedge-opening-loaded Plates with 1/3 in. (8.5 mm) Diameter Notch.

Specimen With Welds

BTW - B-type plate specimen with transverse weld at mid-length of gage section.

BAW - B-type plate specimen with axial weld at center of gage section.

CTW - C-type specimen with hole through transverse weld.

CAW - C-type specimen with hole through axial weld.

DTW - D-type specimen with notch root in transverse weld.

DZTW - D-type specimen with notch root at weld fusion line of heat affected
zone.

GTW - G-type specimen with transverse weld at mid-gage length.

GAW - G-type specimen with axial weld at center of gage section.

(a) Type 304 SS (HT9T2796) annealed at 2000°F.

(b) Reference Figure 6-1.
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A. UNIAXIALLY LOADED

PLANE STRESS

B. UNIAXIALLY LOADED FLAT

PLATESWITH END RESTRAINTS

C. UNIAXIALLY LOADED FLAT

PLATESWITH HOLES
Kt~2.7

D. NOTCHED BARS

Kt~4

E. TENSION + LIMITED BENDING

OF FLAT PLATE

G. FLAT PLATES UNDER

PLANE STRAIN

H. BIAXIALLY LOADED

NOTCHED PLATE

Kt~2.7

Figure 6.1 Basic Specimen Types
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TABLE 6.2

SUMMARY OF CREEP DATA FOR MODELS OF TYPE 304 STAINLESS STEEL* AT 1100°F (593°C)

Loading Data Creep Data

Plastic Creep

Rate

(%/hr)

2/3 x 3 in.

Increment Accumudated Permanent

Stress Strain Strain Time

(%) (hr)

(8.5 x 17 x 76.2

Strain

(%)

mm)

Time

(hr)

3033

706K
1250b
1270^
1826

Strain

(ksi) (MPa) (%) (*)

Al, GAGE SECTION 1/3 x

21.0 144.8 4.66 2.2 x10~^
2.2 x 10

1.10 303

0.89 403

1.10

1.99

3.47

3.65

7.34

5.76

6.65

8.13

8.31

12.0

A2 (STEP-LOADED TEST)

10.0 69.95 0.,215 8.5 x 10

6.2 x 10

8.6 x 10

2.0 x 10 7

2.5 x 10

4.5 x 10

0.228 2180 0.228 2180a 0.443

0.028 405 0.256 2585e 0.471

11.0 75.84 0 0.124 1349 0.380 3934e 0.595

12.5 86.19 0 0.213 1002 0.593 4936e 0.808

15.0 103.4 0. 014 0.811 1848 1.40a 6784e 1.619

21.0 144.8 0.,646 14.80^
1.05b

2800 16.20 9584 17.07

200

1266

17.25 9784 18.12

12.90 30.15 11050 31.02

4266

Bl. GAGE SECTION, 1/3 x 10/3 x 3 in. (8.5 x 85 x 76.2 mm)

.-3
21.0 144.8 5.34

B2 (STEP-LOADED TEST)

10.0

j
11.0

12.5

15.0

21.0

68.95 0.273

75.84

86.19

103.4

144.8

0

0

0.051

1.880

1.4 x 10_
7.6 x 10

1.7 x 10~

1.76

1.03

1.72

666

1005

1587

1.76 666° 7.10

2.79 1671a 8.13

— 3000° —

4.51 3258a 9.85

5.33 3487,. —

3525

8.6 x 10

9.0 x 10

1.1 x 10

2.0 x 10 ,
4.7 x 10

8.4 x 10 i

0.31 1044 0.31 1644 0.58

0.17 1462 0.45 3106e 0.72

0.16 1804 0.61 49106 0.88

0.33

1.00

1364

1302a
0.94

1.93

6274e
7576e

1.21

1.98

7.50

5.28^
3.69h

720 9.43 8296 11.64

604 14.71 8900 16.92

239 18.40 9139 20.61

1563"
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Loading Data
Plastic

Stress Strain

Creep

Rate

(%/hr)

Cree

Incremer

Strain

(%)

P Data

t

Time

(hr)

Accumu

Strain

lated

Time

(hr)

Permanent

Strain

(%)(ksi) (MPa) (%)

Gl, GAGE SECTION, 1/3 x 10/3 x 1 in (8.5 x 85 x 25 4 mm)

25.0 172.4 4.25 1.8 x

7.2 x

1.4 x A
2.1

2.8

47a
268a

170a

2.1

4.9

6.5

7.6

47

315

420c
485?
568h

6.35

9.1

10.7

11.8

—
83 11.6 —

Gl, DATA FROM WELDABLE STRAIN GAGES (Middle

0.88

1.12

0.90

0.65

i_
5/8 in

47a
268°
170a
83

Gage Section)

0.88 47

2.00 315

2.90c 485^
3.55 568

25.0 172.4 2.00 2.6 x

2.5 x

7 x

">:23 2.47

4.00

4.90

5.60

G2 (STEP-LOADED TEST)

21.0 144.8 0.43

25.0 172.4 0.01

10

10

10

10

-4

-4

-3

3

1.34

0.83

80

50

,43

1195

5520a
700

450c
283a
1837k

1.34 1195 1.77

2.17 67156 2.60

3.97 7415 4.4.1

4.67 7865 6.90

6.60 8148, 11.33

8552

CI 1/3 x 10/3 x 3 in. (8.5 x 85 x 76.2 mm), CENTRAL HOLE, 1/3 in. (8.5 mm) Dia.

23.3 160.6

C2, 1/3 x 10/3 X

10. ok 68.95 0.

11.0 75.84 0

12.5 85.68 0

15.0 103.4 0.

18.0 124.1 0.

3 in.

14'

28

1.2 x 10"2n 1.7n 100 1.7"

2.0

100

125C
138c

8.7'
10.0

(8.5 x 85 x 76.2 mm), CENTRAL HOLE, 1/3 in. (8.5 mm) Dia.

1.1

1.1

-3n

3n

4n

3n

10

10'
10

10

0.62

0.40

50

82

31

89

1.05

1.25

1.54

5.0

2808

1290

1300a
1148

1630a
791a
944a
13453
942C
520

0.62

1.02

1.52

2.34

5

6

7

8

10

65

54

,59

,84

.38

2808

4098e
5398e
6546e
8176

8967

9911

11256

12198.

15.4 12718

6172"

76"
16

66

76

13

7.02

8.07

9.32

10.86

15.9

C3, 1/3 x 10/3 x 3 in. (8.5 x 86 x 76.2 mm), CENTRAL HOLE, 1/3 in. (8.5 mm) Dia.

21.0 144.8 4.4 2.3 x 10 3n 1.5'

0.3

2.3

310

28

59

1.5

1.8

4.1

310F
338^
397

n
5.9

8.5
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Loading Data Creep Data
Plastic

Strain

(%)

BENDING,

Creep Increment Accumi

Strain

(%)

lated

Time

(hr)

)

94a

Stress Rate St

(%/hr)

1/3 x 10/3 x

rain

(%)

2 in.

Time

(hr)

(8.5 x 8.

(ksi) (MPa) Strain

(%)

El, TENSION PLUS

20.0 137.9 7.77nv 1.2 x io"::
3.5 x 10

l.lnv 94 l.lnv 8.27nv
+13.0 + 89.64 2.27 648 3.27 742s 11.54

0.63 167 4.0 909s 12.17
0.58 168 4.58 1077s 12.75
0.57 168 5.15 1245s 13.32
0.46 115 5.16 1360a 13.18

-, „ -3
0.79 262 6.40 1622s 14.51

3.0 x 10 0.58 190 6.98 1812s 15.15
0.65 215 7.63 2027s 15.80
0.90 263 8.53 2290s 16.70

0.49 190 9.02 2481s 17.19
0.52 171 9.54 2652s 17.71
0.77 237 10.31 2889s 18.48
1.81 238 12.12 3127 20.29

E2, TENSION PLUS BENDING

18.0 124.1

+11.7w +80.7
6.25nv

1.2 x 10
0.47nv 23
2.52 1317c

MODELS WITH WELDS

BAW-1. B-TYPE WITH CENTRAL AXIAL WELD

25.0 172.4 0.251 8.3 x 10

1.1 x 10

1.5 x 10

3

2

-2

4.35

8.32

3.42

2.35

477c

765

216

71

CAW-1, C-TYPE WITH CENTRAL AXIAL_WELD

18.0k 124.1 0.33"

DWT-1, NOT STARTED

DWT-2, ROUND NOTCHED BAR. NOTCH AT CENTER OF WETX)

25.0 172.4

28.0 193.0

DZTW-1, CIRCUMFERENTIAL NOTCH AT HAZ

25.0 172.4

2000

0.47

2.99

4.17

23

1340

2486

6.72'

9.24

4.35 477 4.60
12.67 1242 12.92

16.09 1458 16.34
18.44 1529, 18.69

0.94

1532

6647
f

5183'
7183

978

0.16

0.39
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Loading Data
Creep

Rate

(%/hr)

4 mm) Dia

Creep Data

Plastic Increment

(16

Accumulated

Strain Time

(%) (hr)

2 mm) Dia., r = 0

Q.A 137
0.5 239g

Permanent

Stress Strain Strain Time

(%) (hr)

., d = 0.64 in.

Strain

(ksi) (MPa) (%)

Dl-1, NOTCHED BAR D = 0.96 in. (24

(%)

19 in. (0.46 mm)

30.0 206.8 2.A Q.A 137
0.2 102

2.9fc
3.1"

Dl-2

30.0 206.8 2.2fc 0.26' 137 0.26t 137 2.46

0.22 113 0.48 250^
305d

2.68

10.92 13.12

D2-1 NOTCHED BAR

25.0 172.4 0.009r 0.006r 1371g 0.15*
1371 2.17

D2-2

25.0 172.4 0.009r 0.0061" 1240c
1371d 5.3t

D3-1 and 2 NOTCHED BAR

_ h t
21.0 144.8 0.002 5499 1.52

D4-1 and 2 NOTCHED BAR

D4-2U

10.0 68.95 0 406 406^
11.0 75.84 477 883
12.5 85.68 434 1317

406

477

434

404

0.004r 433

0.033r 1581

15.0 103.4 404 1721g
21.0 144.8 0.00lr 0.004 433 2154
25.0 172.4 0.003r 0.033r 15818 3735u 1.73

25.0 172.4 0.93* 1323 5058 2.66
2904™

D5-1 NOTCHED BAR

D5-2

23.0 158.4 16818 1681U 1.8'

23.0 158.4 1681 1681 1.69C
150 1831 2.83

D6-1 NOTCHED BAR

D6-2

20.0 137.9 \.A 40238 l.o' 40238 \.A

20.0 137.9 0.94t 4023 0.94t 4023" 0.94t
9493
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Loading Data

Plastic Creep
Strain Rate

(%) (%/hr)

CENTRAL AXIAL WELD

Increment Accumulated

Strain Time

(%) (hr)

Permanent
Stress Strain Time

(%) (hr)
Strain

(%)
(ksi) (MPa)

GAW-1, G-TYPE WITH

23.0 158.6 0.1 10

10~
10_
10

BTW-1, B-TYPE, CENTRAL TRANSVERSE WELD

21.0 144.8 0.17r 3.2 x 10"
3.2 x 10

1.56'

1.93

1.64

2.0

2.21

3.17

4.69

8.20

1.29

2.35

1.25

452c

307c

379a
456s
576a
528a
210

339'

718£
474£

1.56" 188 1.65"
3.59 640 3.69n
5.13 947 5.23

7.13 1326s 7.23

9.34 1782 9.44

12.54 2758 12.62

17.21 2886

3096

17.31

25.41 25.51

1.29 339 2.47

3.64 10578 3.82

4.89 1531 5.07

5.67 1724,
1734

GTW-1, G-TYPE, CENTRAL TRANSVERSE WELD

25.0 172.4 0.09n 4.7 x 10" 1.62 240d
208

1.62' 240J
448d

1.71

*HT9T2796, annealed 2000°F (1094°C)

Interrupted for photographic measurement

Transition at 0.2% offset

c~, . .
Transition at double minimum rate

Rupture, R

e

Stress raised (step-loaded test)

Test in progress

g
Crack initiated

n

Test terminated, crack tearing

Strain gage average, bending noted

Specimen rotated 180° to investigate bending "Nominal elastic bending stress
k
Net section stress

Time at final stress

Average overall strain

Pt .. •lest in preparation

q
Specimen to be sectioned to deter
mine damage.

t

Deflection of notch, inches (25.4 mm)

g

Unload-load cycle

True strain = 1 (Ao/A)
n

Test interrupted, 1/2 of specimen
continued

Higher stress side
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a plane stress condition. The test will be interrupted at 10,000 hours

for inspection.

6.2.2 Eccentrically Loaded Specimens With Uniform Gage Section
(304 SS Heat 9T2796)

6.2.2.1 Test Piece Description

Type E test piece design, as shown in Table 6.1, is used for this

part of the test program.

6.2.2.2 Current Results

A second test was started on the E-type specimen, an eccentrically

loaded plate shown in Figure 6-1, at an average stress of 18 ksi (124.1

MPa). The eccentricity of the load on this specimen, E-2, was kept the

same as the previously tested specimen, E-1, at 0.36 inch (9.1 mm) offset

from the centerline. The E-2 test has been in progress for 2486 hours.

The nominal elastic bending stress at loading was 11.7 ksi (80.7

MPa). The plastic strains on loading were again high; that for the higher

stressed side was 6.49 percent. From the strain measurements of the grid

of specimen E-1, an alternate location for a strain gage was selected for

E-2 to measure a lower transverse strain at a position nearer to the end

of the uniform section.

The creep curves for E-2 are given in Figure 6-2 for the overall

strains as measured by the clip gages and for that indicated by the strain

gage. Because of the strain gradient, the strain gage measures the inte

grated lateral strain. In Figure 6-2 it can be seen that this strain is

much lower than the overall strain on the lower stressed side. Because

of the lower strains on loading and during creep, the strain gage has

continued to indicate throughout the test. It will therefore be possible

to estimate the bending strain and stress during the planned load cycling

for this test. The gradual decreasing creep rate, evident from the creep

curves of Figure 6-2, indicates that the bending stresses are decreasing

with time or creep strain. The creep rate on the higher stressed side
— 3 —1

at 1340 hours was 1.2 x 10 %h which is much higher than that estimated
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Figure 6.2 Creep Data for Model E 2, 18 ksi Average Stress Plus Bending

3000
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-4 -1
for plane stress of 18 ksi (3.5 x 10 %h ). The test was interrupted

at 1340 hours for photographic examination of the surface grid pattern.

6.2.3 Specimens with Welds (304 SS, Heat 9T2796)

6.2.3.1 Test Piece Description

The test piece designs used for this part of the program are described

in Table 6.1.

6.2.3.2 Current Results

Specimen CAW-1 (see Table 6.1 and Figure 6-1) is a plate specimen

with a central hole entirely within the axial weld. This specimen is

still in progress after 6647 hours at a net section stress of 18 ksi

(124.1 MPa). The overall deflection rate is now 9 x 10 %h , which is

lower than that estimated for the gross stress of 16.2 ksi under plane

stress for the base plate. The rupture curves for base plate and all

weld metal are given in Figure 6-3. The current life of CAW-1 is plotted

on this figure at the net section stress as point "C ."

Specimen DTW-2 (Table 6.1) was interrupted after 5183 hours at 25

ksi (172.4 MPa). The notch, with a K of 4, is positioned so that the

root is entirely with the central part of the weld metal. No cracks

were visible at this time, which is over double the rupture life estimated

for all weld metal unnotched specimens (Figure 6-3). The stress was then

raised to 28 ksi (193 MPa) and has been in progress for over 2000 hours,

which is nearly four times the rupture life estimated for an all weld

metal unnotched specimen (Figure 6-3).

All of the tests on welds are plotted by code in Figure 6-3. Addi

tional tests are planned to enable a better comparison with the base and

weld metal properties. The limited data obtained to date indicate that

the rupture strength of the transverse weld is lower than that of the

base metal. This is primarily due to the lower strength of the heat

affected zone. The strength of the weld metal is higher than that of

the plate, so that an axial weld in a plate does increase the strength

of the composite.
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Figure 6.3 Comparison of Rupture Data of Specimens with Welds
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6.3 TUBULAR SPECIMEN TESTING - K. C. Thomas, P. C. S. Wu, A. K. Dhalla

6.3.1 Test Piece Description

The tubular test pieces used in this program are Type 304 stainless

steel, Heat 9T2796, of 1.8-inch OD, 1.6-inch ID, and 8.7-inch length.

However, thinner wall (1.7-inch OD and 1.6-inch ID) test pieces are planned

for use in future tests to reduce the stress variation through the wall

thickness during multiaxial testing.

6.3.2 Test Matrix

Following the completion of uniaxial Test No. 3F, the test matrix

shown in Table 6.3 has been completed. Continued progress was made on

the multiaxial, variable load (step-loaded) test matrix for the Type

304 stainless steel tubular specimens. The basis for each test was given
1

in a previous report. Currently, Test No. 13 was completed. However,

due to the difficulties encountered in specimen fabrication, new specimens

were not available to initiate Test Nos. 14 and 15.

Significant progress was made on the post-test Type 304 stainless

steel tubular specimen test matrix shown in Table 6.4 This matrix was

designed to utilize the machine time which became available due to the

unexpected delay in delivery of Type 304 stainless steel test specimens and

the Type 316 stainless steel pipe product form. The rationale for this post-
1

test program has been discussed previously.

6.3.3 Test Equipment, Specimens, and Measurement

6.3.3.1 Test Equipment

The strain measuring system, including five SLVC capacitive-type

strain transducers, was instrumented and calibrated for the newly installed

creep units. The performance of furnace controllers and the temperature

distribution for these new creep units were also determined to be satisfac

tory. Heise pressure gages are being installed on each of the creep

units so that the testing pressure of each creep unit can be monitored

individually.



TABLE 6.3

TYPE 304 STAINLESS STEEL TUBULAR SPECIMEN CREEP TEST - UNIAIXIAL CONSTANT LOAD

Test No.

Nominal Test

Temperature

(°F)

Via11

Thickness

(0.001 Inch)

50

Axial

Stress

(psi)

25,000

Test Hours

Accumulated

Axial Loading
Strain

(%)

Axial Creep
Strain*^)

m

Total Axial

Strain

(%)

IB 1100 241.5 0.7988 3.5572 4.3660

2A 1100 100 10,000 2016.0 0.0490 0.0697 0.1187

2B 1100 100 10,000 2000.0 0.0780 0.0880 0.1660

3A 1100 100 20,000 336.0 - - - 0.9591 _ _ _

3B 1100 100 20,000 1990.0 0.1783 2.7468 2.9251

3C 1100 100 7,700 2002.0 0.0461 0.0534 0.0995

3D 1100 100 5,000 1721.0 0.0253 0.0089 0.0342

3F 1100 100 15,000 1556.0 0.4855 1.1224 1.1710

(a) Average of two readings,
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TABLE 6.4

TYPE 304 SS TUBULAR SPECIMEN CREEP TEST - POST-TEST MATRIX

(a)
Specimen History

Effective Stress Axial Internal

Test Stress, a Ratio Load Pressure

No. (ksi) 6 (W (lb) (psi)

2A 10.0 0.0 5340 0

3C 7.7 0.0 4112 0

4A 10.0 2.0 323 1209

3B 20.0 0.0 10681 0

9 20.0 1.5 2018 2668

12 20.0 1.0 5340 2353

11 15.0 1.0 4005 1574

7A 10.0 1.5 1211 1180

2B 10.0 0.0 5340 0

3D 5.0 0.0 2670 0

10 10.0 1.0 2670 1049

lA(g) 25.0 0.0 6872 0

IB 25.0 0.0 6872 0

3A 20.0 0.0 10681 0

4 10.0 2.0 323 1207

6 20.0 2.0 0 2717

7 10.0 1.5 1212 1180

8 15.0 1.5 1515 2000

Post Test Current

Plan Status

(b) (i)

(b) (i)

(c) (i)

(d) (j)

(d) (j)

(d) (j)

(d) (k)

(d) (k)

(e) (k)

(f) 00

(e) (k)

(h) (j)

(h) (j)

(h) (j)

(h) (j)

00 (j)

(h) (j)

(h) (j)

* Priority of testing is indicated by the order of listing in the table.
(a) All specimens tested at 1100°F for about 2000 hours.
(b) Tensile test to failure.

(c) Pressurize to failure.

(d) Creep-rupture test under the same prior creep test condition.
(e) Specimen step-loaded to effective stress levels of 15 and 20 ksi, respectively,

for a period of 500 hours at each stress level.
(f) Specimen step-loaded to effective stress levels of 10, 15, and 20 ksi, respectively,

for a period of 500 hours at each stress level.
(g) Test terminated due to over-temperature,

(h) Microstructural characterization.

(i) To be initiated,

(j) Test completed,
(k) Test in progress .
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6.3.3.2 Test Specimens

Fabrication of additional Type 304 stainless steel test specimens is

progressing satisfactorily after serious delay due to dimensional tolerance

outage. The vendor has agreed to replace all rejected specimens. Two

tubular samples were rough machined before the end plugs and extensometer

tabs were welded. Currently, these samples are being final machined after

the weld inspection and they will be ready for testing during the early
part of the next report period.

Five 10-inch length, 2.5 inch OD x 0.562 inch wall thickness Type

304 stainless steel pipe sections have been heat treated according to the

reference annealing procedure (one-half hour at 2000°F and cooled at a rate

to avoid any appreciable precipitation of carbides). These materials will

be used to fabricate additional tubular specimens for the additional Type
304 stainless steel test matrix proposed in Table 6.5.

A purchase order has been placed to ORNL requesting shipment of the

reference heat Type 316 stainless steel pipe product form. At the present

time, the delivery date of this material is still uncertain. Consequently,
fabrication of test specimens made of this material cannot be scheduled.

6.3.3.3 Test Measurements and Data Records

Step-loading multiaxial creep Test No. 13 was terminated after the

intended 2000-hour test period under various effective stress levels

ranging from 10,000 to 20,000 psi. Measurements obtained for this test

were stored in the semiautomatic data acquisition system developed specif
ically for the tubular specimen testing program. Currently, the computer

program is being modified so that literature values will be plotted at all

stress levels to compare with the present results.

The current status of the post-test matrix is shown in Table 6.4.

Results obtained from the metallographical studies are discussed below.

6.3.3.4 Microstructural Characterization of the Post-Test Specimens

During the work meeting held at ORNL on August 8, 1974 between ARD

and ORNL personnel to discuss creep test techniques, a decision was made

to microstructurally evaluate some of the post-test samples. As a follow-

up to this decision, the post-test matrix (shown in Table 6.4) was defined,



TABLE 6.5

TYPE 304 SS TUBULAR SPECIMEN CREEP TEST - ADDITIONAL MULTIAXIAL CONSTANT LOAD

(a)

Norn i na1

Test Temp.

__.(."/.) ...

Axial

Load

(lbs)

Norn ina1

Internal

Pressure

ij?sO_ _

Nomina 1

Effect ive

Stress

(psi)

Nominal Prin

cipal Stress-

Ratio a -/az
Test Time

(hrs)

Avera

Loading

ge

Strain, "A

Test

No. Axial Hoop

iA 1 100 323 1209.5 10,000 2.0 1965.7 0.01048 0.02174

5 1115 484 1814.3 15,000 2.0 1998.0 0.09208 0.08499

6(C) 1 100 0 2716.9 20,000 2.0 762.0 0.13321 2.71103

7 A 1100 1211 1180.0 10,000 1.5 1648.0 0.04240 0.03521

7(b)
1 100 1211 1180.0 10,000 1.5

8 1 100 1515 2000.0 15,000 1.5 2009.3 0.19414 0.80047

9 (J) 1 100 2018.6 2668.4 20,000 1.5 573.4 0.00541 0.02334

10 1100 2670 1049.4 10,000 1.0 2033.8 0.04363 0.01994

11 1100 4005 1574.0 15,000 1.0 2012.9 0.03288 0.07339

12(d)
1100 5340.7 2353.0 20,000 1.0 1096.5 1.82117 0.99892

16<c) 1 100 1619.9 757.6 12,500 1.0 2000.0

17 1100 612.3 859.0 12,500 1.5 2000.0

18 1100 0.000 874.8 12,500 2.0 2000.0

19 1100 2267.8 1060.6 17,500 1.0 2000.0

20 1100 857. 1 1202.6 17,500 1.5 2000.0

21 1100 0.000 1224.6 17,500 2.0 2000.0

(a) The axial loading strain is the average of two readings.
The loop strain is the average of three readings.

(b) Test terminated due to instability of the strain measuring system.

(c) Sample ruptured after 808 hours under the test condition.

(d) Test terminated because the sample has already reached tertiary creep stage.

(e) Tests 16 to 21 are proposed to provide additional data at the stress levels specified.
Testing schedule for these specimens depends on the availability of machine time.

Nominal Average Creep Strain
(a)„.

Radial Hoop Axial Effective

-0.12711 0.12466 0.00245 0.14536

-0.57795 0.54670 0.03125 0.64996

-2.12850 2.16000 -0.03150 2.47000

-0.02101 0.01360 0.00741 0.02110

-0.84800 0.71900 0.12900 0.91300

-3.7460 3.31000 0.43600 4.09000

-0.06130 0.03890 0.03330 0.06000

-0.48900 0.21100 0.27800 0.47200

-2.82000 1.56000 1.26000 2.79000

o
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and currently the metallographic examination of the post-test specimens

defined in the table has been completed.

The specimen history and the results obtained from metallographic

characterization are summarized in Table 6.6. Hardness measurements were

made on each specimen along the longitudinal and transverse directions.

The general positions at which the hardness measurements were made are

shown in Figure 6.4. No significant difference was observed between the

longitudinal and transverse measurements. The variation was less then

5 percent in all cases. The average hardness value obtained for each

specimen is given in Table 6.6.

Preliminary correlation of the hardness value with the effective

stress level for each specimen is shown in Figure 6.5. Except for the

thin walled specimens, IA and IB, a linear relationship seems to prevail

between the hardness and the effective stress values for the other speci

mens. It is also noted that the hardness for a given specimen seems to have

primarily resulted from the initial loading strain for a given effective

stress and is independent of the creep strain. However, additional work

has to be done in order to confirm this relationship.

Grain size distribution and cracking characteristics of the test

specimens were determined at the areas shown in Figure 6-4. The results

obtained are summarized in Table 6.6. Intergranular cracks were observed

in all specimens except in the case of Test Nos. 4 and 7, which were

terminated shortly after initiation. Transgranular cracking was observed

only in the case of Test IB, in which the specimen was ruptured after

241 hours under 25,000 psi axial stress. The ASTM grain size determined

for each specimen is given in the same table. The grain size of the test

material in the annealed condition, one-half hour at 2000°F, has a grain

size ranging from 1 to 2, while it is seen in Table 6.6 that the grain

size for the post-test specimens ranges from 2 to 5. The significance of

this observation is currently being evaluated.

Microstructural examination of the specimen from multiaxial creep

Test No. 12 was also performed. The specimen, previously creep tested

under 20,000 psi effective stress with a stress ration (a /a ) of
hoop axial

1.0 for 1096 hours at 1100°F, developed numerous pin-hole leaks after

351 hours during subsequent rupture test under the same conditions. It



TABLE 6.6

IF.ST CONDITIONS AND METALLOGRAPHIC ANALYSES FOR POST-TEST CREEP SPECIMENS^

Intergranular Transgranular
El 1eel ive Interna I Test Hardness Cracks of 1 Cracks of 1
Stress Stress Ax ia I Pressure T ime Rockwell to 2 Grain to 2 Grain
(ksi) Rat io Load (psi) (Hours) A 60 kg Length Length

l'nL'ix ia 1 Cases

6872

6872

10681

17 30

241 40

336 49

990 50

T - transverse section

L = longitudinal section

(d)

ASTM Average Grain
Size of Center of

Section

Longitudinal

ASTM Average Grain
Size of Center of

Section

Tranverse

Middle Bottom Top Middle Bottom

5

4

4

4

4-1/2

4

4-1/2

3-1/2

4

4

4-1/2

o

4-1/2 4-1/2 4 4 4 4-1/2
u>

1AU" 25

IB 25

3A 20

JB 20

Mult iaxial Cases

,(c)
4 10

7(e)
10

8 15

323 1207 43 42

21 1 1 180 47 43

515 2000 2009 47

3 3-1/2 2

3-1/2 3 3

4-1/2 4-1/2 4

3 3 2

3 1-1/2 3-1/2

4-1/2 4-1/2 4

(a) All specimens have 0.100 inch wall thickness except specimens IA and IB which have 0.050 inch wall thickness. All specimens tested at 1100°F.
(b) lest terminated due to overheating.

(c) Test terminated due to malfunction of strain measuring system.

(d) Many 1 grain depth intergranular outside surface cracks, a few similar cracks on inside surface.
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was noted from the fracture appearance that cracks developed on both

outside and inside surfaces. However, a larger amount of cracking occurred
on the outside surface. Severe grain boundary separation was observed in

both longitudinal and transverse sections, which is consistent with the

test conditions. It is important to note t!?at the cracks propagated

predominantly in a direction perpendicular to the maximum principal stress
in both cases. In addition, it is believed that some of the cracks must

be interconnected, which in turn caused the leakage.
2

Compared to the sample burst reported previously for a specimen
tested under similar conditions with a stress ratio of 2.0, the failure

mode for internal pressurization multiaxial creep rupture tests appears to
depend on the stress ratio. Simple rupture or burst will most likely
occur in specimens with higher stress ratios, while pin-hole leakage will
happen in the case of lower stress ratios.

6.3.4 Data Reduction

The basic data reduction is continuing. The calculations involved

were presented previously. This includes the calculation of equivalent

constant test conditions of temperature and pressure and equivalent uni

form and constant effective strain. In addition, the effective axial

gage length was also determined. Preliminary results on the uniaxial

creep test measurements were presented in the previous report.

The effective strain versus time relationship derived from the multi

axial creep measurements are fitted according to the following equation.

-rt,e" eL = et (1-e )+ ^t (1)

where: e = total strain (in/in)

£L= initial loading strain (in/in)
t = test time (hrs)

£ , r, and e are constants
t m

Three constants in Equation (1) were obtained for each effective

stress level by using the computer program CREEP-FIT transmitted from
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ORNL. The values of the three constants for effective stress level are

tabulated in Table 6.7.

In Figures 6-6 to 6-9, the three constants, Et, r, and e^, derived
for the multiaxial creep tests are plotted as a function of stress.

It is encouraging to note that the minimum creep rate, e , for the

multiaxial creep tests does seem to follow a linear relationship with

respect to the effective stress. Consequently, a very good estimate of

the minimum creep rate, e , can be made within the stress range shown
m

in Figures 6-6 and 6-7. However, a nonlinear relationship was observed

for the same parameters for the uniaxial creep tests reported previously.

Additional analyses are required to further clarify these relationships.

It is noted in Figures 6-8 and 6-9 that, in general, the data show

a linear relationship between log e versus log a and log r versus log a,

respectively. However, the occurrence of the deviation, shown at the

10,000 psi and 20,000 psi stress levels, is not yet known; work is being

initiated to examine this discrepancy.

6.4 REFERENCES

1. "Validation of High Temperature Design Methods and Criteria, Quarterly

Progress Report for Period Ending November 30, 1974," WARD-HT-3045-8,

March 1974 (Availability: USERDA Technical Information Center).

2. "Validation of High Temperature Design Methods and Criteria, Quarterly

Progress Report for Period Ending August 31, 1974," WARD-HT-3045-7,

November 1974. (Availability: USERDA Technical Information Center).

3. "Validation of High Temperature Design Methods and Criteria, Quarterly

Progress Report for Period Ending November 30, 1973," WARD-HT-3045-4,

March 1974. (Availability: USERDA Technical Information Center).

4. "Validation of High Temperature Design Method and Criteria, Quarterly

Progress Report for Period Ending May 31, 1974," WARD-HT-3045-6,

August 1974. (Availability: USERDA Technical Information Center).



TABLE 6.7

V r and Sn DERIVED F0R MULTIAXIAL CREEP TESTS

Test No.

Test

Temperature
(°F)

Total Test

Time

(hours)

1965.7

Internal

Pressure

(psi)
Axial Load

(lb)

Effective

Stress

(psi)

10,000

Stress

Ratio

2.0
4A4 1100 1209.5 323

5-5 1115 1998 1814 484 15,000 2.0

10-9 1100 2033 1049 2670 10,000 1.0

11-10 1100 2012 1575 4005 15,000 1.0

8-13 1100 2000 2000 1515 15,000 1.5

12-14 1100 2000 2353 5340 20,000 1.0

9-23 1100 573 2668 2018 20,000 1.5

6-22 1100 808 2717 0 20,000 2.0

0.1350 0.2010 0.550 x 10-5

0.2960 0.0204 0.178 x 10-3

0.0332 0.0294 0.170 x IO-4

0.2410 0.0121 0.125 x 10~3

0.4250 0.0207 0.250 x 10~3

0.0121 0.00275 0.120 x 10"

0.9180 0.1620 0.A57 x 10

1.7300 0.00134 0.139 x 10

-2

-2

O
oo
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7. UNIVERSITIES

7.1 UNIVERSITY OF CINCINNATI - J. Moteff

7.1.1 Introduction

The objective of this program is to (a) evaluate the

time, temperature and stress-dependent mechanical properties

of reactor structural materials, (b) determine the relation

ship of these properties to the microstructure and (c) show

the contribution of the microstructure to the internal stress

fields and the subsequent influence on microcracking and the

grain boundary sliding behavior during the normal plastic

deformation at elevated temperatures. Special consideration

is being given to operating conditions typical of nuclear

reactor applications, including the knowledge that the radi

ation environment can influence the substructure of these

metals, a circumstance which can lead to significant changes

in the conventional mechanical property behavior.

7.1.2 Experimental Program

Transmission electron microscopy has been used to study

the deformation substructure resulting from creep, fatigue

and tensile deformation at elevated temperatures. Creep and

tensile data from ORNL (Heat Number 9T2796) was further evalu

ated through analysis in preparation for the correlation of

the macroscopic deformation properties with the corresponding

microstructure. Creep tests are continuing on 304 Stainless

Steel specimens in which the stress level is abruptly changed

to another value during time on test at elevated temperatures

311
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and then subsequently terminated following a given strain

and/or steady state creep rate for TEM evaluation of the

substructure. A family of creep tests were performed on

304 stainless steel in which the tests were terminated at

different strain levels for a TEM evaluation of the sub

structure developments as a function of the creep life.

The preliminary TEM results are now presented. A family of

fatigue tests on 304 stainless steel conducted at ANL under

a Thesis Parts Program were completed and the electron micro-

structure is nearing completion and will be presented in the

next progress report.

The influence of plastic deformation at elevated temper

atures on sub-grain misorientation angles and also the

effect of fatigue test temperatures on second phase particles

in alloy Incoloy 800 are nearing completion and some pre

liminary results are presented.

Work is continuing on the creep-rupture studies on three

alloys obtained from the National Alloy Development Program

(NADP) and the results are presented in the NADP Progress

Reports.

7.1.2.1 Characterization of the Creep and Tensile Substructure

of 304 Stainless Steel, Reference Heat 9T2796

(R. Bhargava)

The characterization of the substructure of the tensile

and creep tested specimens of AISI 304 stainless steel (Refer

ence Heat 9T2796) is nearing completion. During the analysis
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of relationships of deformation rate, stress and temperature

for 304 stainless steel^ ^ it was observed that for the

specimens tested in tensile mode at very high strain rates,

? -1viz., 8.33 x 10 sec , the temperature compensated defor

mation rate, Z, increases at a much faster rate with the

modulus compensated stress parameter, aT/E than predicted

by the Equation [2]. The transmission electron microscope

examinations were performed to characterize the substructure

and some preliminary information is presented. Figure 1

shows some typical substructures that were developed for

the specimens RP201, RP202, RP206, and RP208. These were
- 2 -1

tested in tension at a strain rate of 8.33 x 10 sec and

temperatures of 538, 593, 650, and 704°C, respectively. At

lower temperatures, the substructural features bear close

resemblance to the dynamic conditions that are present during

these high strain rate tensile tests. Note the patches of

incomplete cell walls in Figure 1(b). A more detailed ex-
(2 31planation is presented elsewhere^ ' J and will be reported in

future progress reports.

The substructural features of all the specimens with

test conditions resulting in an effective temperature com

pensated deformation rate spanning eleven orders of magni

tude are being evaluated. In Figure 2 the average subgrain

or cell intercept, X, is plotted versus a modulus compensated

true stress parameter, aT/G. At modulus compensated stress

levels below about 6 x IO-3, the substructure takes the form
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of well defined subgrains with the size, A in microns,
varying as

A= 16 b(aT/G)_1 tl]
where aT is the true stress, G is the appropriate shear

modulus and b is the Burgers vector taken normally to be

equal to 2.54 x 10" cm. At stress levels higher than this

apparent initial value, cells are formed with the size-stress

relationship being given by

A=9x IO"2 b(aT/G)"2 [2]
This sort of behavior has been observed by earlier inves

tigators J. Future progress reports will include the

further developments during this program.

7.1.2.2 Characterization of the Substructure During Early

Stages of Creep of 304 Stainless Steel (R. K. Bhargava)

The substructural characterization of the specimens^

tested in creep at 704°C was performed and some of the pre

liminary results will be presented here. Figure 3 shows the

typical micrographs of the substructure developed during the

various stages of creep deformation. Also included is the

substructure before testing for comparison. The dislocation

density before testing was estimated at (7.4 ± 0.4) x IO8 cm"2.

On loading, the dislocation density increases to a value of
9 - 2

7.14 ± 0.84) x 10 cm . The photo micrograph (RUC-6) shows

some loops, stacking faults and some tangled and free dislo

cations. In the early primary stage (RUC-3), the dislocation

density increases to (9.94 ± 0.86) x IO9 cm"2. The typical
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substructure consists of more tangles with some localized

tendency to form cells. In the late primary stage (RUC-4),

the tendency to form cells became more prevalent. The total

dislocation density remained more or less the same. During

steady state creep (RUC-5), the substructure started to take

on the shape of subgrains with definite subgrain boundaries.

Again the dislocation density remained the same. Finally

at rupture (RUC-10) a well developed subgrain substructure

was formed. There was some variation in the subgrain size,

the size being smaller near grain boundaries. Table I lists

the various substructural parameters that were measured. It

also lists the data for other specimens, viz., RUC-1, RUC-9,

RUC-8 which were also tested in the same program. The creep

rupture data for the same test specimens have been reported

previously1- . The misorientation between the adjacent sub-
grains or cells was also measured and are presented in Figure

4. This shows a plot of the average misorientation versus

the total strain. This value of strain is determined from

the section used for the TEM study. The data from this study

indicates an increase in the misorientation as the strain

increases. After the secondary stage has developed the in

crease in misorientation angle is less apparent and it tends

to reach a saturation value. The average subgrain intercept,

A, is plotted versus the modulus compensated true stress,

aT/G in Figure 5. For comparison the relationship determined

for the reference heat 9T2796 is also shown (See Figure 2).



TABLE 7.1

SUBSTRUCTURE DATA FROM 304 STAINLESS STEEL (UC HEAT G8607) CREEP TESTS AT 704°C

True Stress^ ' Modulus Compensated Average Cell or Average Dislocation Cell or Subgrain
f c)Specimen o_ True Stress *• ' Subgrain Intercept Density Misorientation

Number'-3'' kg • mm o^/E a_/G X, pm p, cm 8, Degrees

RUC-1 13.09 0.91 x 10"3 2.36 x IO"3 1.62 ± 0.24 N.M.(d) 0.63 ± 0.31

RUC-9 23.26 1.61 x 10"3 4.19 x IO"3 1.34 ± 0.54 (9.68 ± 1.52)xl09 0.63 ± 0.21

RUC-10 26.22 1.82 x IO"3 4.72 x IO"3 0.84 t 0.12 (9.96 ± 1.20)xl09 0.85 ± 0.27

RUC-6 18.14 1.26 x IO"3 3.27 x IO"3 N.O.(d) (7.14 ± 0.84)xl09 N.O.(d)

RUC-3 18.44 1.28 x 10"3 3.32 x IO"3 N.O.^ (9.94 ± 0.86)xl09 N.O.^
RUC-4 19.04 1.32 x IO"3 3.43 x IO"3 1.37 ± 0.22 (9.84 ± 1.96)xl09 0.36 ± 0.25

RUC-5 20.36 1.41 x IO"3 3.66 x IO"3 1.29 ± 0.18 (10.28 ± 0.60)xl09 0.44 ± 0.19

RUC-8 35.92 2.49 x IO-3 6.47 x IO"3 0.51 ± 0.04 (15.78 ± 2.14)xl09 N.M.(d)

^Specimens RUC-9, RUC-10, RUC-8 were tested till Rupture and the rest were stopped at intermediate strain levels.

Ture Stress a_ = a, (1 + e) where a, is the applied stress and e is calculated from the cross section of the

foil for TEM.

(^Elastic Modulii at 704°C (E = 14.4 x IO3 , G = 5.55 x IO3 kg-mm"2).

1 JThe error indicates the 95 percent confidence level (a, p among the plates and 6 among the measurements).
N.O. (not observed), N.M. (not measured).
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7.1.2.3 Change in Stress Experiments on 304 Stainless Steel,

Reference Heat 9T2796 (R. Bhargava)

A program to perform some special creep tests on the

Reference Heat 9T2796 of AISI 304 stainless steel was initia

ted at the University of Cincinnati(1). A set of 8 creep
tests were performed. All the tests were performed at 650°C.

The stress history of the tests is provided in Table II. All

the specimens were heated from room temperature slowly and

allowed to soak at the test temperature for a period of about

10 hours. The strain measurements were made by using an

extensometer attached to the shoulders of the specimens. The

strain was monitored by a LVDT capable of reading up to 5 yin.

extension over a gage length of 1.25 inches. The temperature

measurements were made by attaching two chromel-alumel thermo

couples, one to the bottom and one to the top of the gage

portion. The temperature was maintained constant over the

entire test duration and to within ± 1°C during the period

when the stress changes were made. The stress changes were

accomplished by removing the load from the load pan taking

precautions to avoid large oscillations of the weight train.

A continuous plot of the elongation was recorded on a x-y
recorder with a sweep function.

Specimen RP301 was tested at 17.58 kg mm"2 (25,000 psi)

till rupture. Specimen RP303 was crept at 17.58 kg mm-2

(25,000 psi) into a steady state region and then the load

was removed to give an effective true stress of 15.08 kg mm"2



TABLE 7.2

DATA FROM CHANGE IN STRESS(a) EXPERIMENTS DURING CREEP OF

504 STAINLESS STEEL (Reference Heat 9T2796) AT 650°C

Before Change After Change Creep Rate
Specimen Applied Stress True Stress Applied Stress True Stress t (sec )
Number^ oA, (kg-mm"2) oT , (kg-mm"2) oA , (kg-mm'2) oT. (kg-mm" ) Before After

RP 301 17.58

RP 305 21.09

19-34 --- --- 1.80 x IO"6
RP 303 17.58 18.84 14.06 15.08 1.82 x IO'6 1.19 x IO"7
RP 314 17.58 18.90 11-85 12.73 1.84 xlO"6 3.93 xlO"8 g
RP 313 17.58 18.89 10.42 11.19 1-73 xIO"6 3.72 xIO"9
RP 306 21.09 23.46 15.36 17.09 1.07 xlO"5 2.00 xlO"7
RP 304 21.09 23.57 14.06 15.71 1.09 xlO"5 8.89 xlO"8
RP 307 21.09 23.71 10.03 11.27 1.13 xIO"5 4.70 xIO"9

23.62 6.88 7.70 1.13 x IO"5 N.M.

<a>Change in stress was made by removing load from the pan after asteady state creep was reached. (RP 301 is an
exception) .

<b)After apositive creep rate was obtained subsequent to the change in stress, the tests were terminated with the
exception of RP 303 and RP 301 which were run till rupture.

Cc)Rp J07 and Rp 3oS sh0Wed a negative creep immediately after stress change. The creep rates were measured after
a forward creep began in all specimens.
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and allowed to creep till rupture at the reduced stress. The

creep rate before and after the stress changes were measured

and are also reported in Table II. For all other specimens the

indicated stress changes were made and the resulting creep

rates were determined. Specimens RP307 and RP305 showed a

negative creep immediately following the change in stress.

After some time, the forward creep began again. All these

tests were stopped after a measurement of forward creep rates

were made. The specimens were allowed to cool under load to

freeze the dislocation substructure. More work is being

done to determine the internal stresses and other creep

parameters. The characterization of the dislocation substruc

ture has also been started and the developments will be re

ported in future progress reports.

7.1.2.4 Subgrain Misorientation Observation in Incoloy 800

Tested in the Fatigue Mode (H. Nahm)

Since the degree of crystal lattice misorientation

between adjacent cells or subgrains is believed to play an

important role in the deformation behavior of polycrystalline

solids, it is considered important to describe the technique

used in this analysis.

The origin and mechanism of Kikuchi pattern formation

is a complex phenomenon involving both elastic and inelastic

electron scattering. However, its geometry is useful for the

determination of the exact orientation of the electron beam

with respect to the crystal lattice and the direction and
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magnitude of Kikuchi pattern shift can be used to study the

nature of the misorientation among the subgrains or cells.

Kikuchi patterns from each cell or subgrain was obtained by

using the selected area aperture in the 200 kV transmission

electron microscope.

In order to convert Kikuchi pattern shift to misorien

tation angle, the scale factor was calculated from the re

lationship :

S.F. = D/20B [3]

where D is the distance between the Kikuchi pair measured

from the photographic plates and 6R is Bragg's angle. Using

the camera constant for the chosen diffraction condition at

200 kV, the scale factor was found to be 15.02 mm/degree.

Figure 6 illustrates the details of misorientation

between subgrains occurred in fatigued Incoloy 800 (2K35).

Figure 6-a is the electron micrograph showing the subgrains,

Figure 6-b the schematics identifying each subgrain, and

Figure 6-c shows the misorientation angles with respect to

the subgrain 1 in a polar plot. The correction for image

rotation is made so that Figure 6-c is consistent with Figure

6-a or 6-b. The Kikuchi shift is expressed in vector no

tation. Therefore, the tilt axis is perpendicular to each

of the respective radius vectors. The misorientation be

tween any two selected subgrains can be obtained from Figure

6-c by connecting the extremeties of the respective radius

vectors, and this was shown to be consistent with experimental
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observations. It was also found that the misorientation

angle was, in general, not more than several times the largest

one between adjacent subgrains across the entire grain. This

observation implies that the misorientation angle is of an

alternating nature, increasing and decreasing over several

subboundary walls across the entire subgrains within the

grain boundaries. The average misorientation angle between

adjacent subgrains which are shown in Figure 6 is about 0.59

degrees.

It is interesting to note that the misorientation angles

between the cells is much smaller than that between the well

developed subgrains. For instance, the adjacent cells shown

in Figure 7 have an average misorientation of about 0.18

degrees. This microstructure was obtained from a specimen of

Incoloy 800 (2Q40) tested in the fatigue mode at elevated tem

perature .

The equation

PSB = 36/bA- [4]

was used to calculate the dislocation density p^-n °f the sub-

grain boundary walls such as that shown in Figures 6 § 8. Here

9 is the misorientation angle between adjacent subgrains, b

is the Burgers vector, X' is the subboundary diameter. Care

should be taken not to use this relationship for the analysis

of dislocations in the regions of the apparent cell walls

since the boundary dislocation density can in many instances

be underestimated.
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7.1.2.5 Second Phase Particles and Their Influence on the

Mechanical Behavior of Incoloy 800 Tested in the

Fatigue Mode (H. Nahm)

From both diffraction pattern analysis and high resolu

tion dark field microscopy, second phase particles can be

identified and their nature, such as coherency, shape, size,
number density and other parameters may be examined in con

siderable detail. When the diffraction pattern indicates

the existence of second phase, a diffracted electron beam

from the second phase is tilted such that the beam coincides

with the objective axis of the microscope. This procedure
is called "high resolution dark field analysis" because the

corresponding image contrast becomes equivalent to that of

bright field microscopy. The details of this technique is
available elsewhere^.

The purpose of this section is to report the results of

TEM observations on the second phase formed during fatigue
at elevated temperature in Incoloy 800 and to discuss briefly
the possible influences of these second phase particles on
the fatigue properties.

In general, the three types of precipitates, j', M C

and presumably aTiN precipitate were confirmed through
transmission electron microscopy. The presence of Y' was

believed to strongly influence the cyclic stress strain

response and are present only at the lower test temperatures.

The other two precipates, formed at all testing temperatures
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were interpreted to be responsible for the enhancement in

the resistance to the fatigue crack propagation and to the

creep-fatigue interaction of Incoloy 800 at elevated tem

perature .

The gamma prime precipitate, y*, was found in only one

specimen (219) which was fatigue tested at a frequency of

4 x IO"4 sec"1 with the strain range of 0.5% at 538°C. The

fatigue failure occurred at 23,510 cycles (163.3 hours).

Even though it was observed in one particular testing con

dition, y' is believed to form during fatigue at the lower

temperatures of 538°C and 650°C. This will be further dis

cussed later. The evidence for y' formation with M~.,C,. was

given in Figure 9b and 9c. Even though the diffracted beams

from y' are apparent in this figure, the distinct image

contrast of the y' phase was not observable through either

bright or dark field microscopy. This could be due to the

severe strain field arising from both the high dislocation

density and/or precipitates in the matrix. The small white

spots in Figure 9a could possibly be y', but this would only

be a conjecture.

It was, however, possible to resolve the image of M^C.

in this test specimen (219) by the use of dark field micro

scopy. This is shown in Figure 10. Figure 10a is the bright

field and 10b the corresponding dark field micrograph taken

after tilting the diffracted beam from the M?^C, phases.

This micrograph is a good example to demonstrate the advan-
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tages of high resolution dark field microscopy. The

preferential formation of M?^Cfi along the dislocation band

is clearly visible in Figure 10b.

An example of identifying two different types of

second phase particles is depicted in Figure n. Figure 11a

is the bright field, Figure lib the dark field from TiN

particles which were tentatively identified and lie the dark

field micrograph for the M2-C6 phase. This is schematically

shown in Figure lid.

In order to show the effect of these precipitates on

the cyclic stress strain behavior of Incoloy 800, all the

data reported by Conway et. alA ' were plotted and pre

sented in Figure 12 . These specimens are now being studied

in terms of dislocation substructure at this laboratory.

The saturation stresses taken at each half fatigue life are

plotted as a function of the plastic strain range for each

test temperature for the two different strain rates which

were used. In general, the saturation stress can be repre

sented as an equation in the form:

Aa = A(AEp)m [5]

where Aa is the saturation stress at half fatigue life

A is the cyclic strength coefficient

AEp is the plastic strain range

and m is the cyclic strain hardening exponent.

The saturation stress is decreased as the strain rate

is decreased and the cyclic strength coefficient, m, is found
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to remain close to 0.2 for those specimens tested at 704°C

and 760°C irrespective of the change in strain rate. There

is a change only in the cyclic strength coefficient. This

is generally true in the sense that the flow stress increases

when the deformation rate is increased in elevated tempera

ture plastic deformations.

An anomalous behavior in the cyclic stress strain re

lationship, however, can be noted at test temperatures of

538°C and 650°C. Not only is the saturation stress increased

-3 -1
as the strain rate is decreased from 4 x 10 sec to 4 x

10, but the cyclic strain hardening exponent, m, tends to

split into two regions as shown in Figure 12. This circum

stance is more pronounced in the case of those specimens

tested at a small plastic strain range (AEp <_ 0.4%) and

having relatively long fatigue lives at 538°C.

This unusual phenomenon appears to be mainly due to the

presence of y' phases which form during fatigue at these low

temperatures. There are two reasons supporting this view:

a) y' formation was observed only at low temperatures while

M_,C, and TiN were found at all the testing temperatures,
23 6

and b) y' was reported to form approximately in the range of

560 to 620°C over the exposure time of 100 hours'- A Other

possibilities, although remote, can be that the coherent

precipitates of TiN or M23C6 could contribute to this devia

tion in the cyclic stress strain behavior.

Incoloy 800 has been known to have superior mechanical



338

properties with respect to creep-fatigue interaction^2^

well as better fatigue crack propagation properties(13;) wh

compared to the other austenitic stainless steels. These

observed enhancements of the elevated temperature mechanical

properties in Incoloy 800 could be again attributed to the

effect of the uniform dispersion of TiN in the matrix. Work

is continuing in the evaluation of the microstructure with

the mechanical behavior of Incoloy 800.

as

en
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7.2 UNIVERSITY OF CALIFORNIA, LOS ANGELES - K. Ono, A. J. Ardell,

and A. S. Tetelman

7.2.1 Microstructure and High Temperature Deformation
of Cr-Mo Steels for LMFBR Heat Exchanger
(P. A. Chalco, K. Ono, S. Y. Hsu, and S. L. Wang)

7.2.1.1 Introduction

We have examined microstructural variations as a function of

time and temperature, and the concomitant effects on mechanical

behavior in 2-l/4Cr-lMo steels of different carbon content. The

microstructural variation in Alloys L (0.009%C), I(0.03%C) and

n 2)H(0.12%C) has been reported previously/ ' ' as well as the creep

behavior of these alloys/3^ In addition to the three alloys, we

have received a piece of low carbon 2-l/4Cr-lMo steel (0.021%C)

plate (1" x 10" x 10") also from ORNL, to be referred to as alloy M.

It is interesting to note that the strain burst phenomenon during

stress changes was almost non-existent in this material. The reason

for the absence is not understood at this time.

In this report, discussions on the creep behavior of these

alloys are presented in conjunction with their respective micro-

structural characteristics. Creep behavior at intermediate stresses

appears to be best explained in terms of the climb of dislocation

loops pinched off around carbide particles.



342

7.2.1.2 Microstructure-Creep Properties Correlation

(1 2)
Based on the microstructural observations, ' ' the alloy

steels that have been tested in creep can be classified as two-phase

materials. In the analysis of the observed creep behavior/ ' we

must consider the creep-strengthening contributions of the matrix,

as well as the second-phase particles. We will discuss the

temperature dependence and subsequently the stress dependence of the

observed creep behavior of Cr-Mo steels.

7.2.1.3 Temperature Dependence of Creep

Creep deformation is a thermally activated process and the

steady state creep rate can be described by an Arrhenius relation

as follows:

cs = A exp(-Qc/RT) (1)

where A is a constant and is a function of creep stress. Q is the

activation energy for creep, R is the gas constant and T is the

absolute temperature. Most of the experimental evidence for single

phase materials indicates that Q is about the same as the activation

energy for self-diffusion, Qd, at elevated temperatures (T ~ 0.5 T ).

This suggests that at high temperatures, the operating creep

mechanisms in these materials are dependent on the self-diffusion of

atoms in the matrix. The temperature dependence of the creep rate is

thus related to the temperature dependence of the self-diffusion
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coefficient, D, so that i/D = A/D ,where Dn is the pre-exponential

factor.

A number of observations have been reported where Q exhibits

anomalously high values in comparison to Q.. For example, Q is equal

to 3Qd for TD Nickel^ and 4-12Qd for SAP-type alloys.^ In A£-3.2%
Mg alloy, Borch et al.^ 'found a peak in the value :f Q (at about

T« 0.35 Tm) which reached a maximum value of~2Q.. However, it is

still unknown at present the cause of such high values of Q , al

though some models have been discussed. For example, Borch et al (5)

suggested that the high values of Q were caused by the segregation of

solute atoms at dislocations while these rest at barriers. The

possibility that the solute segregation occurred on moving dislocations

was ruled out since Qc was not equal to the activation energy for

diffusion of Mg in Ai. In reference to this work, Phillips^ has

argued that the strain induced precipitation at dislocations is \/ery

much expected from the equilibrium phase diagram of this alloy. This

would cause strong locking of dislocations and consequently high values

of Q . This view has been shared by other investigators, many of whom

have confirmed the strain induced precipitation of particles at dis

locations during high-temperature deformation. '''

A third mechanism, which could also lead to high values of Q ,

is based on the interaction between substitutional-interstitial (S-I)

solute atom pairs and moving dislocations. ~ ' In this case, Q

would be equal to the activation energy of diffusion of the S-I pairs.
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Such quantity is not known but is expected to be higher than that of

each solute. This concept which is known as the S-I effect, is a

modification of dynamic strain aging and has been observed in solid

solutions of a-Fe.^ '

There are no diffusion data available for 2-l/4Cr-lMo steels.

For the present analysis, these data must be approximated from similar

(13)
alloys or from pure a-Fe. Askillv ' has reviewed the self-diffusion

data published for pure metals and alloys. The closest alloy com

position to the present Cr-Mo steels is 4.0%Cr-0.2%C steel.

Qc = 69 Kcal/mole and DQ = 4 cm sec ' are given for this steel in

the temperature range of 1100-1250°C. The temperature range is well

above the Curie temperature, T (780°C) for iron and its dilute

alloys. Since D has different values above and below T ,' ' we can-
c

not use the above diffusion data for our materials. Instead, we

choose the self-diffusion data for a-Fe, below T , as a first order

approximation. The accepted values of Q and D for a-Fe, are

Q =60 Kcal/mole and Dn =2cm2 sec"1, respectively.^13^
L P

By using the value of D for a-Fe, at the corresponding

temperature the logarithm of e^/D (for Alloy H, N&T) was plotted as

a function of log a, as shown in Fig. 1. Actually, the shear

modulus, G, is a function of temperature, and generally the stress

should be divided by G for such an analysis. However, according to

a recent study of the temperature impendence of G in 2-l/4Cr-lMo

(15)
steel,v ' in the 850-1050°F temperature range, G varies only~42!.
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This correlation is negligible and does not affect the essential

features of the data in Fig. 1. It can be seen in Fig. 1 that at

temperatures ranging from 930-1050°F, the change in I due to a

different temperature can be correlated directly to a corresponding

variation in the value of D, because all the data points can be fitted

approximately into a single curve. This observation strongly suggests

that at t'-.ese temperatures, Qc « Qd- The only reported value of Q

for 2-l/4Cr-lMo steel is 55 Kcal/mole.^16^ This is very close to
that of Q, in a-Fe.

At 850 and 890°F, the present data yield Qc = 190 ± 10 Kcal/

mole, which is over three times the Qc value observed in the 930-1050°F

range. Based on the microstructure observations, it is very likely

that such high values of Qc are due to the precipitation of second-

phase particles on dislocations during creep deformation, since,

almost invariably, the dislocations found in tempered materials were

observed to be decorated by very fine, closely spaced precipitates.

However, more thin-film TEM studies on crept specimens are needed to

confirm this hypothesis. We cannot rule out the possibility that

either substitutional solute atoms or S-I atom pairs interact with

dislocations during creep at temperatures where high values of Qc

were observed. However, this possibility would be much harder to

establish than the previous one by experiment. In any case, more

studies are needed to clarify the cause of the observed high values of
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7.2.1.4 Stress Dependence of Creep

Extensive creep studies have shown that the steady state creep

(14)
rate exhibits several stress dependencies. ' These are usually

different at low, intermediate, and high-stress levels. At low and

intermediate stresses, the following power-law relation is observed

to be obeyed: <? = B trn (2)

where B is a temperature dependent constant and n is the stress

exponent. As the applied stress increases, the power-law expression

breaks down, and several different stress dependencies have been used

to describe the high stress creep. Even at these high stresses, how

ever, it is possible to refer to the apparent values of n, i.e.,

n = d log € /d log a, within a narrow range of creep rates.

In log e vs. log a plots (Figs. 1-6 in ref. 3), three regions

of stress dependence were observed, which we have labeled high,

intermediate, and low-stress creep regions. We define the intermediate

stress region as that in which the stress exponent has the value of

~4. The data could have been fitted with a line corresponding to n

as high as 5, but not much less than 4. This stress region was

generally well established and it was between 5 and 20 Ksi, depending

on the alloy condition. Since the yield strength of N&T materials in

the 850-1050°F temperature range has been reported^ ' to be

20-30 Ksi for Alloys L and I, and 55-60 Ksi for Alloy H, the inter

mediate stress range is always below the yield strength of these

materials.
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The low-stress region is defined as that region where the

data deviate from n = 4 to a lower value of n. The value of n in

this region was not well established since an insufficient number of

data points were available. However, a deviation from n = 4 appears

to have occurred. This deviation was observed mainly in Alloy H

(long-term tempered) at about 7 Ksi. However, for other materials,

this deviation was not found even at stresses as low as 4 Ksi. In a

manner similar to the low-stress region, the high-stress region was

defined as the region where the data deviated from n = 4 to higher

values of n. This region appeared in every single material tested

and was characterized by high values of n (up to ~ 40) which increased

with an increasing stress. At higher temperatures such as 1050°F,

the high-stress region was first observed at stresses below the yield

strength at this temperature. For example, in Alloy H (N&T) which

has a yield strength of 55 Ksi at 1050°F, the high-stress region

started at ~20 Ksi. On the other hand, at 850°F, the high stress

region was observed at stresses comparable to the yield strength.

For the same material as above, the high-stress region was located

above 56 Ksi, which is very close to the observed yield strength

(58 Ksi).

In the following discussion, we will analyze our data

according to the apparent changes in the stress dependence of € .

In each case, we will present the available creep theories, and

evaluate their applicability to the experimental results of the

present investigation.



349

7.2.1.4.1 High-Stress Creep. In the case of dispersion hardened

materials, the power-law relation [Eq. (2)] has been observed even at

stresses above the yield strength, as in the case of a Ni-2Th02 mate

rial/4'18' tested at 850-1100°C. The observed values of n, however,

are very high. In the case of TD Nickel, n is 4lr ' and for SAP materials

it is over 10^ ' although a value of 4 has also been reported.

It has not been possible to account for such values of n. One possible

approach to reconcile the observation with available creep theorif' is

to introduce the concept of effective stress, <r*. The effective stress

is defined as a-a-, where a. is the internal stress. In this

treatment, e is considered as a power function of the effective stress

a* as follows *n (i\
*s a a \3)

thereby reducing the apparent value of n via Eq. (2) to the range of

3-7. There is sufficient evidence in single-phase materials showing

that even at temperatures above 0.5 T , the ratio o*/o can be much

(21 22) (23)
lower than 1. ' ' In some cases, it can be as low as 0.4, '

depending on the applied stress. Dispersion hardened alloys are

expected to have large internal stresses due to the dispersed particles.

Consequently, the ratio o*/a can have low values. However, this has

not been shown experimentally. Thus, it remains to be established

whether the concept expressed above can account for the observed

high values of n in dispersion hardened alloys in terms of available
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creep theories predicing n of 3 to 4.5. Such an investigation will

require mainly the measurement of the internal stress during creep

at a given stress and temperature.

The effective stress concept was tested as follows: Using

the present data, the value for the internal stress was estimated

from Eq. (2), by setting n equal to 4.5 which corresponds to

Weertman's dislocation climb model/ ' The results of the calculation

based on the experimental values of £ obtained for Alloy H (N&T) at

850, 890 and 930°F are shown in Fig. 2 in which the calculated effec

tive stresses a* = a- tr. are plotted against £ . It can be seen that

although the value of n = 4.5 is observed over a limited range of

high stresses, the stress exponent n in terms of o* becomes progres

sively small as the value of the applied stress approaches that of

the internal stress. In addition, it can be seen in Fig. 2 that the

temperature dependence of £ is altered in contradiction to what is

normally observed. A more systematic study is needed where a direct

measurement of a. (as a function of stress and temperature) should be

made, so that the applicability of £ = f(tr*) can be tested more

properly. However, the present result cannot be explained in terms

of the effective stress concept with a fixed value of a..

It is possible that at high stresses the £ (a) data can be

fitted into an empirical exponential form of:

<. = A" exp(c a) (4)

where A' can C are constants. In single-phase materials most of the
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high-stress e (a) data can be fitted into such a relation, which was

(23)
first proposed by Garofalo. '

Various theories have also been proposed, which associated

high-stress creep with the presence of a high vacancy concentration.

The most common are the theories of Weertman/ ' and Barrett and
(?5)

Nix. ' The first is based on dislocation climb and the second one

is based on the nonconservative motion of jogs in screw dislocations.

The £ values predicted by these two equations are, for

Weertman's theory:

e = A"Da2 sinh Ba2,5 (5)
s

and for Barrett and Nix's theory:

i = A'"D 3'5 sinh (B'a) (6)

where A', A'", B, and B' are constants. As shown by Sherby and

(14)
Burke, ' all three equations can describe the observed high-stress

creep data. In order to show the applicability of these three

equations to our experimental data, we have plotted log £s vs. a for

Alloy H (N&T) in Fig. 3. Also shown in this figure is a dashed line,

corresponding to c /D = 10 , above which the power-law creep equation

has been found to break down in a large variety of materials. It can

be seen that at 1010 and 1050°F the stress dependence of the minimum

creep rate obeys an exponential form at all the stress levels, since

a straight line fits the data for these temperatures. At 850, 890,

and 970°F, the exponential form is obeyed at high stresses, while the

data is insufficient to determine the applicability of the exponential
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form at 930°F. These observations indicate that the exponential creep

law can describe the experimental data. Since, as mentioned before,

both Weertman's theory and Barrett-Nix's theory [Eqs. (5) and (6)]

predict a stress dependence of £,., which is very close to that of the

exponential form, it is likely that either of these two theories can

be applicable to explain the present creep data. However, we observed

that Qc»Qd at 850 and 890°F, which cannot be explained by the

above three theories which predict that Q = Q
C Q

(26)Ansel 1 and Weertmanv ' have developed the only quantitative

theory for creep of dispersion hardened alloys, in which £ is given
s 3

by three different relations according to the stress range. We will

discuss later the low and intermediate stress cases, but at stresses

above

a„ = (GkT/2Ab2) 1/2, (7)
cr

the steady state creep rate is given as follows:

x yD a2 / 0 „ L2_2£s • -Xtf- «P (^^2), (8)
GVh V Q kT

where A is the interparticle spacing and h is the total height

climbed by a dislocation, h is approximated as the average particle

diameter. This equation was obtained by considering the rate of

climb of dislocation loops formed around particles which is the same

approach they followed in the intermediate stress range, except that

the velocity of climb is given by a different relation in each case.

It appears that this theory has not been tested at all, but it has
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been mentioned very often in the literature.

In order to examine the applicability of this theory to our

experimental data the log £jo was plotted against <r in Fig. 4

for Alloy H (N&T) tested at 850°F. A good correlation was observed

between Eq. (8) and our experimental data, since a straight line

fitted the data above 65 Ksi. However, this theory contains some area

of disagreement with experiment. These are: a) the predicted ^s

value (at a= 50 Ksi, k= 1000A) is 3.4 xIO"4 hr and is slightly

higher than the observed value of ~I0"6 hr"1; b) the predicted value

of a [Eq. (7)] above which this model is proposed to apply was too

high (-380 Ksi); and c) the predicted value of Qc for this theory
? ?should be equal to Qd - 2/b a /G = Qd which is too low in comparison

to our experimental observation (Qc > Qd at 850°F).

In summary, the high stress creep data can be described by

an exponential creep law or either of the two most common theories

for high stress creep [Eqs. (5) and (6)]. On the other hand, the

theory that relates £ to a* (instead of a) failed to explain our

experimental results when the internal stress was assumed to be

independent of the applied stress. The Ansell-Weertman theory

described correctly the stress dependence of £s, but the predicted

critical stress, above which this creep mechanism is supposed to

operate was found to be much higher than the creep stresses used; and

also, the Q predicted by this theory was much lower than the observed

value of Q . Within the limited scope of our investigation, we cannot

establish with certainty which creep mechanism is in control of e's at

high stresses.
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7.2.1.4.2 Intermediate-Stress Creep. In this stress range, the

power-law applies regularly to creep of single-phase materials.

Generally, two different values of n are observed. In solid solutions

classified as class I, n = 3 is found, while in class II materials,

n = 4.5. Several theories have been proposed to account for the creep

behavior of these alloys at these stresses. The two most common (and

widely accepted) theories are the ones proposed by Weertman^ ' for

the case when n = 3 (microcreep) and n = 4.5 (dislocation climb). Dilute

(14)alloys of iron are generally classified as class II alloys.^ ' For

class II materials, the following equation can be used to estimate

values of ^s» '
e = ADGb [_aln (}
s RT L GJ iy;

14
where A is a dimensionless constant equal to 7.3 x 10 fora-iron,

and n is equal to 4.5. The value of A is not expected to change

appreciably for such dilute alloys as a 2-l/4Cr-lMo steel if it

behaves as a single-phase material. Furthermore, Eq. (9) is not

expected to depend on the microstructure of the material.

(26)The Ansel!-Weertman theoryv ' for creep in two-phase material

predicts the stress dependence of * as

e =Tr o4A2D/8v/2_"h G3 RT (10)
s

for an intermediate stress range a > a>Gb/A. The theory assumes

that at intermediate stresses, the dislocations are forced past



358

particles by pinching off loops around the particles, and that the

rate controlling process for creep is the rate of climb of the loops by

stress aided diffusion.

Let us now evaluate the predictions of the above two creep

theories and compare with the creep data of Alloys H, I, and L. First,

consider the stress exponent, n. Weertman theory predicts n = 4.5,

while Ansel 1-Weertman theory predicts n = 4. Since the observed

experimental values of n at intermediate stresses was 4 to 5, either

of the two creep mechanisms can explain the observed n. Next, we

consider the activation energy Qc. Both theories predict that

Qc = Qd- Our experimental results indicate that 0 » Q,, and there

fore it is not possible to distinguish between the two. The only

parameter that appears to indicate a significant difference, is the

values of £s predicted by the theories. In the case of Weertman's

model (n = 4.5), the value of A for the case of a ternary Fe-2-l/4Cr-

IMo alloy was taken as that of pure a-iron, assuming that the

presence of such small amounts of Cr and Mo in the a-Fe will not

affect appreciably the value of A. For an applied stress equal to

10 Ksi and T = 1050°F, €$/D values were calculated for Alloy H in the

N&T condition. The results were as follows: ./n
s

a) Dislocation climb (n=4.5) 2x IO14

b) Ansel 1-Weertman (n=4) 1.5 x 105

c) Experimentally obs. value ~10

Here, A and h for the Ansel 1-Weertman theory are taken from
o

the microstructural examination and are equal to 0.16 fim and 600A,
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respectively. Clearly, this result indicates the preference of the

Ansel 1-Weertman theory.

Still another argument in favor of the Ansel!-Weertman model

is the fact that this model predicts a change in creep rate for alloys

having a different particle size and distribution. Such variations in

€ were observed during the creep study of Alloys H, I, and L.

To show this point, we have combined all the £ vs. a (Figs. 1-

6 in ref. 3) into Figs. 5 and 6 for N&T and long-term tempered materials,

respectively. We have also plotted in Figs. 7 and 8 the €*s values

calculated by the Ansel 1-Weertman theory at intermediate and low

stresses (low-stress creep will be discussed later). The

characteristic values for particles used for this calculation are

shown in Table 1. As noted earlier, no change in £ is expected due

to a change in the particle dispersion characteristics according to

the Weertman theory of dislocation climb. A comparison of Figs. 5

and 7, and Figs. 6 and 8, show that the Ansel!-Weertman model

predicts correctly the relative creep strength of Alloy H as compared

to that of Alloys L and I, at intermediate stresses. Therefore,

we conclude that, at intermediate stresses, the rate controlling

process of creep in the precipitation hardened mateirals, Alloys H, I,

and L, is the climb of loops present around particles as proposed

by Ansel! and Weertman.
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TABLE 1

Particle Characteristics for Alloys H, I, and L

Alloy

Condi 1bion

N&T* LTT**

Afam) h(A) A(pm) h(A)

L 0.5 400 0.76 250

i

i I
i

1.1 1,000 1.1 2,000

| H 0.16 600 0.65 2,000

N&T*

LTT**

A

h

Normalized and tempered

Long-term-tempered

Interparticle spacing

Particle diameter

7.2.1.4.3 Low-Stress Creep. In this stress range, the creep

data we have obtained is limited to a few data points. However, as

shown in Fig. 6, these data suggest n to be much lower than 4 in

this stress region. In Fig. 6, a line having n = 1 was drawn to

illustrate such possibility, although it is not possible to establish

clearly the existence of such low-n region or the exact value of n.

More extensive creep data must be obtained at low stresses, as this

range is technology most important.
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8. GENERAL ELECTRIC COMPANY

D. Weinstein

8.1 INTRODUCTION

The principal objective of mechanical properties testing at the

General Electric Company is to characterize the behavior of 2%Cr-lMo and

austenitic stainless steels in sodium environments relevent to LMFBR

steam generators and intermediate heat transport systems. Under conditions

predicted for the intermediate sodium system of the CRBRP, 2%Cr-lMo will

lose carbon to the system and be weakened. The carbon will tend to

carburize and embrittle stainless steel components in other portions of

the system. The effects of a carburizing environment on creep rupture

properties of Type 316 stainless steel will be evaluated along with an

assessment of creep-fatigue interactions. In addition, studies of fatigue

crack propagation rates in carburizing sodium will be performed in order

to assess environmental effects under pertinent intermediate sodium loop

loading conditions. The loss of carbon from 2%Cr-lMo steel components

can result in increased creep rates of the decarburized surface layer with

the possibility of ratchetting under cyclic straining. These effects

will be evaluated for base metal and weld metal in a decarburizing sodium

environment.

8.2 MECHANICAL PROPERTIES OF STAINLESS STEEL IN CARBURIZING SODIUM-

J. F. Copeland

8.2.1 Background

The objective of this program is to experimentally verify and

supplement ASME Code design values for austenitic stainless steels to be

used in LMFBR Intermediate Heat Transport Systems (IHTS). The effects

of sodium carburization on creep rupture lives and deformation rates will

be evaluated, as well as the influence of creep-fatigue interaction and

of tension hold time at peak stresses (30 min). The effect of environment

and other design-related parameters on the fatigue crack propagation rate

will be determined in high carbon sodium using a fracture mechanics

369
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approach. Frequency (0.5 and 0.05 cpm) and hold time (1 min) effects will

be determined over a range of AK values in air and in carburizing sodium.

This study will include the influence of continuous carburization in

sodium at a crack tip during load cycling and stressing since even a very
thick component could conceivably be degraded by this mechanism. A

possible mechanism for the influence of carburizing sodium on crack

initiation and propagation is illustrated in Figure 8-1. Such data will

be utilized for assessing and ensuring the integrity of LMFBR IHTS

components in carburizing liquid sodium environments.

Initial tests will be performed on Type 316 stainless steel at 950°F

in carbon-saturated sodium after approximately 1000 hours specimen pre
exposures. The degree of carburization expected1 is a case depth of

about 5 mils with a surface carbon content of approximately 1 to 1.5 wt%.

This carburization corresponds to that expected (Figure 8-2)2 for the

30-year CRBR IHTS design life with a 2%Cr-lMo steel carbon source. GE

analysis of bimetallic sodium test loops (Steam Generator Test Rig,3
PA-15 Loop 3A'5 B&W Model Steam Generator,6 and EBR-II secondary sodium
system vent-lines2) has verified that such surface carburization of stain
less steel components does occur.

Two types of tests will be performed, in addition to initial material

characterizations: a) tubular creep and creep-fatigue tests that give
rupture times, deformation rates, and rupture ductilities, and b)

ASTM E399 fracture mechanics bend tests to give fatigue crack propagation
rates. Under a), specimens shown in Figure 8-3, will be filled with

sodium and a carbon source and sealed prior to testing. Control specimens
will be filled with argon. For part b), testing will be performed in

flowing sodium (Loop A, previously employed in carburization studies).
Control tests will be performed in air. Cyclic frequency will be low

and will include the determination of hold-time effects. The first phase
of the program with these two tests is shown in Tables 8-1 and 8-2. It

is currently projected that Phase I will be completed by December 31, 1975.
In addition, work on weldments will initiate at the start of FY76. Phase I

of the program concentrates on producing relevant design-related data as
quickly as possible. This is accomplished by accelerated carburization
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DEPTH OF CARBURIZED CASE

SURFACE CRACK

SURFACE CRACK INITIATES IN CARBURIZED CASE.
CASE FORMED BY PREEXPOSURE

SUBSEQUENT CARBURIZATION AT

CRACK TIP PLASTIC ZONE REGION

DURING TESTING

INCREMENT OF ADDITIONAL CRACK

GROWTH, DUE TO CRACKING OF BRITTLE
CARBURIZED REGION AT CRACK TIP,

UPON STRESSING

Figure 8.1 Schematic Representation of the Mechanism of
Crack Initiation and Growth for Fatigue Specimens
Carburized by Pre-Exposure and Tested in Carburizing
Environment. Effects on Both Crack Initiation and
Propagation, Since the Crack is Always Growing
Through Carburizing Material Exposed to Sodium.
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ANL NEG No. MSD-58582; REF 2.



Table 8.1 Phase I Test Matrix - Annealed Type 316 Uniaxial
Tubular Creep-Fatigue Tests (950°F)

Uniaxial Tests - Creep Mach.
(Na/C source inside tube)

1. Control - Argon
Creep-fatigue
Aa = +10ksi, lcph.

2. Na/C
Creep-fatigue,

Aa = +10ksi, lcph.

3. Na/C
Creep

4. Na/C
Creep-fatigue,
Aa = +10ksi, lcph.
30 min. hold at

peak stress

*cph - cycles per hour

Aa - range of stress overload

Approximate
Test Duration (hr.) Purpose

30 300 1500 3000

XXX X Control

XXX X C-effect

XXX X Creep
contribution

XXX X Hold

time

UJ



Table 8.2 Phase I Test Matrix - Annealed Type 316 Fatigue
Crack Propagation Tests (950°F)

AK = AP f(a)

AK

AP

a

AP(lb)
„AK avg.(ksi/in.)

Cycles(XlO ),(for Aa=0.06")
^test time at 0.5 cpm (da)
^test time at 0.05 cpm (da)

Control (Air)

1. 0.5 cpm - zero hold
2. 0.5 cpm -1 min.hold
3. 0.05 cpm - zero hold
4. 0.05 cpm -1 min.hold

Na with 1050 C Source

1. 0.5 cpm - zero hold
2. 0.5 cpm -1 min.hold
3. 0.05 cpm - zero hold
4. 0.05 cpm -1 min.hold

stress intensity factor range
loading range (£0 to P max.)-0.5 in. thick
crack length bend tests

500 750 1000 1250 1500 1750 2250
10 15 20 25 30 35 45
10 10 10 5 3.3 2.5 1.25

8.5 8.5 8.5 4 3 2 1

85 85 85 40 30 20 10

X X X X X X X

X X X X X X X

X X X X X

X X X X X

X X X X X X X

X X X X X X X

X X X X X

X X X X X

OJ
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(by using a maximum carbon potential source) before and during the test.

Additionally, load cycle frequencies and test times will be a compromise

between actual operating conditions and the conditions required to

produce test results. As a result of Phase I, extrapolations with regard

to load frequency and test time may be performed. The effect of carburiza

tion on these mechanical properties of Tp. 316 will be established for

Phase I conditions. Critical extrapolations may subsequently be verified

by longer term and lower frequency data, where deemed necessary.

As stated, the tubular creep and creep-fatigue results from this

study will be compared to ASME Code Case 1592 minimum stress-to-rupture

values for Tp. 316 (Table I - 14.6 B and Fig. I - 14.6 B of CC. 1592).

Creep strains will also be compared with available control data. In this

way, the influence of a high carbon sodium environment on rupture stress

and creep rate can be evaluated. A control run for creep-fatigue (line 1.

in Table 8-1) will be performed in air environment with argon-filled

tubular specimens. This data will be compared with similar data from

sodium/carbon filled, precarburized specimens. Using available stress

rupture and fatigue data this creep-fatigue data may also be normalized

to produce life fraction information. This life fraction data may then

be utilized according to the philosophy of the accumulative damage

equation (Equation 5 of Appendix T, CC 1592) and compared to the current

creep-fatigue damage curve for Tp. 316 (Fig. T-1420-2, CC 1592). Thus,

the influence of environment on creep-fatigue interaction may be determined,

both by the control run and by comparison with the ASME damage curve.

The rupture strains will be evaluated to assure that they surpass the

strain limits for inelastic analysis (1, 2, and 5%) set forth in T-1310 of

Code Case 1592, even with a carburized case.

The fracture mechanics crack propagation data from this study will

show the influence of a carburizing sodium environment on the number of

cycles to leak or failure for a pipe or other component with an assumed

pre-existing flaw. The assumption of a pre-existing flaw in a component

is expecially valid in this situation, since it may be produced at

relatively low strains in a carburized case. It would then proceed to

grow upon subsequent cycling. Such crack growth data provides pertinent
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input to another study7 at GE, the Probabilistic Assessment of a LMFBR

Pipe Break - 189 No. 13854. This study essentially utilizes the basic

crack growth equation of fracture mechanics

dN " C (Meff}

to predict the chance of a flaw growing to a size sufficient for the

onset of a leak or pipe break. In Eqn. 8-1, da/dN is the instantaneous

crack extension per fatigue cycle, AK ff is the effective range of stress

intensity factor for each cycle, and C and n are data correlation constants.

The data from subtask C will evaluate the influence of IHTS environment

and other pertinent parameters (hold time and frequency) to determine the

values of the correlation parameters C and n in Eqn. 8-1. Since a fracture

mechanics approach will be used in this program, the crack growth data

can be applied to components of any size and geometry, as long as their

behavior is essentially elastic and the stress intensity factor relation

ships are known for them.

The preliminary characterization of the Tp. 316 test material for this

study was performed. Chemical composition and tensile test results,

presented in Tables 5.3 and 5.4, satisfy ASME specifications and indicate

no material irregularities.

8.2.2 Current Progress

Five Satec creep machines at GE have been modified to allow automatic

load increases and data accumulation. The load perturbations (to simulate

transient stress situations) are accomplished by timer-activated gas

cylinders which raise and lower trays containing the additional weight.

These trays are attached to the load pans of the creep machines and have

been calibrated to produce the required load increases (+ 10 ksi.,

currently). The load increases are performed once per hour and are

programmed to give both zero hold times (^ 5 second up-ramp and 5 second

down-ramp) and 30 minute hold times. Specimen extension data will be

collected automatically from an IKL electronic digital dial indicator on



Table 8.3 Type 316 Stainless Steel Annealed Test Material
Characterization-Chemical Composition (wt. %)

Ladle

Check

C Mn P S Si Cu Ni Cr Mo N

1/4 Schedule 80 pipe [(a) Tests]

0.056 1.63 0.029 0.015 0.56 0.08 13.32 17.24 2.40

0.055 1.63 0.018 0.010 0.70 0.05 13.40 17.47 2.67 0.038

5/8 in. Plate [(b) Tests]

Ladle 0.042 1.66 0.Q15 0.008 Q.60 - 13.40 17.50 2.69

Check 0.053 1.59 Q.Q09 0.013 0.54 0.06 13.37 17.22 2.37 0.050

OJ



Table 8.4 Type 316 Stainless Steel Annealed Test Material
Characterization-Tensile Tests

1/4 in. Schedule 80 Pipe [(a) Tests]*

Room Temperature

950°F

0.2% U.T.S. % El. %
Y.S. (ksi.) (ksi.) (2") R.A.

39.4 90.4 50.0 55.3

43.5 88.7 44.0 48.5

25.1 69.4 28.5 36.3

24.0 71.2 32.5 36.6

5/8 in. Plate [(b) Tests]**

Room Temperature 38.0 88.7 45.9 77.0

39.3 89.4 53.6 77.4

950°F 21.1 70.6 36.5 66.4

21.8 74.1 41.3 61.3

* 0.34 inch O.D. x 0.020 inch wall x 2 inch reduced section
** 0.25 inch Dia. x 2 inch reduced section

OJ

oo
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each test piece. These extension indicators possess an excellent

combination of accuracy, stroke, and stability. They provide electronic

signals which are then recorded as digital deformation data with a printer.

Deformation data is currently collected every 30 minutes, once at the

steady creep load and once at the peak load for each creep-fatigue cycle.

These test system modifications have been essentially completed, and the

machines are now being operated.

Two low cycle fatigue test pot facilities have been designed to

perform crack propagation tests. One pot will be connected to Loop A,

containing a carbon source, in order to evaluate fatigue crack propagation

rates in flowing high carbon sodium at 950°F. The other test facility

will produce control data by testing in air at 950°F. These test chambers

each consist of a section of 10 inch diameter stainless steel pipe sealed

at the ends with a cap and flange. Each chamber allows for the concurrent

testing of three fracture mechanics, three-point bend specimens (0.5 inch

thick). The specimens are each loaded by a ram inserted through the top

of the flange and sealed with a bellows. Load control is achieved by an

in-line load cell on each ram. These loads will be calibrated prior to

testing. Loading will be achieved by a gas cylinder on each ram. The

cycling rates will initially be 0.5 and 0.05 cycles per minute. Zero and

one minute hold times will be produced, and the load ratio R, of minimum

to maximum load, will be approximately 0.05. Each test will be run for

approximately 1000 to 10,000 cycles. At this time the specimen will be

withdrawn and examined on the sides for crack extension. It is expected

that crack extension will be on the order of 50 mils. If the anticipated

crack extension is achieved, the specimen will be broken in half to more

thoroughly examine the progress of the crack front. The increment of

crack growth, Aa, will be divided by the number of fatigue cycles, AN,

in order to compute the average crack growth rate Aa/AN. For a small

increment of crack growth, Aa/AN approximates da/dN, and AK is calculated

from the average crack length for the increment. These fatigue test

facilities are currently being fabricated. Completion of machining is

now scheduled for April 30, 1975, with an additional month required for

assembly and incorporation into Loop A.
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Twenty-four Tp. 316 tubular creep specimens, as shown in Fig. 8-3,

have been fabricated and filled with sodium and a carbon source or argon

in order to satisfy the matrix in Table 8-1. Twenty of these have been

aged at 950°F for 1000 hours. Ten specimens have been sent to Battelle-

Columbus for testing according to parts 1 and 3 of Table 8-1. This testing

was initiated in February 1975. Four argon specimens have been tested at

high stresses, and a fifth argon specimen has been running for about 1000

hours. These preliminary results indicate data scatter. Therefore,

additional specimens have been prepared and are presently being aged, prior

to sending to Battelle. Two sodium-filled specimens are also now being

tested at Battelle and have been running for more than 300 hours. Testing

of the specimens for parts 2 and 4 of Table 8-1 was initiated at GE in

March 1975. Preliminary results should be available in the next month.

Fifty Tp. 316 fatigue bend specimens have been fabricated, and half

of these have been fatigue precracked. Aging of 11 of these precracked

specimens in air, and of 13 precracked specimens in Loop A with a carbon

source, was initiated in late March 1975. Tp. 304 foils are being used

to monitor the carburization in Loop A during this aging. The 1000 hour

aging will be complete in May 1975. This has been planned to interface

with the incorporation of the fatigue test facility into Loop A in May.

The test matrix in Table 8-1 should be completed by late August 1975.

Preliminary results indicating the effect of sodium environment should

be available by June 30, 1975.

The major accomplishments for FY75 with regard to the crack propagation

program will be the completion of the test facility. It is hoped that

several sets of the higher frequency data (0.5 cpm) can be generated in

June 1975, in order to check out the equipment and provide preliminary

data guidelines. It is projected that the matrix in Table 8-2 will be

completed by December 31, 1975. Additionally, preparation and testing

of Tp. 316 weldments will be initiated in FY76.
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8.3 DECARBURIZATION KINETICS AND DESIGN METHODS VERIFICATION TESTING

G. J. Licina

8.3.1 Background

The selection of 2%Cr-lMo steel as the reference alloy for sodium-

heated steam generators was based primarily upon its immunity to stress

corrosion cracking in chloride or caustic contaminated environments and

its proven fabricability.9 One of the major concerns with the use of

this material for sodium applications is its susceptibility to decarburiza

tion during service. Early analyses assumed that relatively thin sections,

such as steam generator tubing, would completely decarburize during the

LMFBR lifetime, with concomitant severe design stress penalties necessarily

imposed. In addition to the assumed carbon losses, the potential for

severe carburization of stainless steel components in the loop was also

recognized as a potential difficulty.

In the absence of an acceptable theoretical model for decarburization

of 2%Cr-lMo steel, an approach introduced by Armijo and Krankota11 was

used to analyze the results obtained from many different experiments.4'12 29

This technique treats carbon loss data as if it were corrosion

data; that is, the loss of carbon per unit area is described as a function

of time. A parabolic time dependence has been observed which suggests

that the decarburization process is diffusion controlled. The decarburiza

tion rate constants, K*, from all available data were fit to an Arrhenius

type expression for design use. Figure 8-4 shows the results of this

analysis. The "data class" and the weighting applied to each class are

defined in the NSM Handbook entry for decarburization of 2%Cr-lMo steel.30

Based upon the upper limit curve given in Figure 8-4, estimates of carbon

loss and associated design stress penalties can be made for steam

generator components. These predictions of decarburization kinetics

*Where K is defined by: _ gm
K =

2 '-
cm - sec

M <-§=£) -Kt%
cm
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indicate that steam generator tubes would not be expected to lose more

than 300 ppm carbon in the design life of the CRBRP. Only a small design

stress penalty (<10%) is associated with this loss. While the handbook

approach suggests that decarburization kinetics are too slow to yield a

carbon loss at end-of-life of greater than 300 ppm for CRBRP steam

generator tubing,* WARD experiments, utilizing thin foils, imply that

the "equilibrium" carbon content of 2%Cr-lMo in 950°F sodium will be

approximately 700-900 ppm.1"* The design stress penalty associated with

these predictions of carbon loss can be accomodated.

Design analysis for high temperature components requires a considera

tion of creep/fatigue interaction to accomodate the effects of transient

loading. A recent study has provided creep/fatigue interaction information

for 2%Cr-lMo 1 under conditons of uniform microstructure (i.e. no

decarburized surface layer) with no ratcheting strains permitted. Steam

generator tubes will experience cyclic loading with the potential to

accumulate ratcheting strains, and with a weaker surface layer, as

compared to the bulk metal. Interrupted creep tests on 2%Cr-lMo pipe,

tubing, and weld metal are being undertaken to assess the effects of

such loading on partially decarburized material. Uniaxial tests will be

performed on sodium-filled and inert gas-filled pipe samples in order

to characterize the effect of stress cycling on creep strains. Tubing

and all-weld-metal tubes will be internally pressurized in sodium and

argon environments to assess the effects of creep/fatigue on rupture

life in a decarburizing environment. Description of the samples, test

facilities, and test matrix is included in earlier reports.32'33

8.3.2 Current Progress

Construction of the test facility for biaxial creep/fatigue

interaction testing, Decarburization Pot #2, is nearly complete.

Modification of uniaxial creep testing machines to incorporate load

interruption and automatic strain recording has been completed. The

initial run on this facility has begun.

*Tubing specification sets initial carbon levels of 700-1100 ppm.
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