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FOREWORD

This is the ninth 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; ORNL-5104,
period ending January 31, 1975; ORNL-5105 for beriod ending April 30, 1975;
and ORNL-5106 for period ending October 31, 1975. The next quarterly
report will be for the period ending January 31, 1976, and contributions
are due at ORNL by February 15, 1976.

W. R. Martin
Metals and Ceramics Division
Oak Ridge National Laboratory
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SUMMARY

1. AEROJET NUCLEAR COMPANY

(No report)

2. ARGONNE NATIONAL LABORATORY

A direct mathematical method to determine the important geometrical
parameters relative to surface roughness has been discussed. The surface-
roughness characteristics that were produced on low-cycle fatigue speci-
mens of Type 304 stainless steel by a silicon carbide grinding technique
have been evaluated. An attempt has been made to establish a correlation
between the shape and depth of the surface grooves and the fatigue crack-
initiation life determined from Type 304 stainless steel fatigue speci-
mens at 1100°F (593°C).

Low-cycle fatigue data have been obtained on annealed Type 316 stain-
less steel tested in sodium at 600 and 700°C. The fatigue life at both
temperatures is substantially greater when tested in sodium than when
tested in air. For low strain ranges (Ae¢ v 0.7%), the fatigue life of
specimens tested in sodium at 600°C was enhanced by a 1500-hr sodium
exposure. This effect is partially attributed to the surface carburi-
zation of the steel during the long-term exposure. The carbon concen-
tration of the steel is not significantly altered by the 700°C sodium
exposure, and enhanced fatigue life is not observed at this temperature.
Differences in the cyclic stress-strain response at the two temperatures
were also observed.

3. OAK RIDGE NATIONAL LABORATORY

Elevated-temperature creep testing of the ORNL reference heat of
type 304 stainless steel is continuing.

The intragranular hardening due to precipitates, dislocation sub-
structure, precipitates on dislocations and grain boundaries, and
intergranular creep cavities are suggested to be responsible for loss
in tensile strength and ductility due to prior creep deformation.

Tensile data on 15.9-mm (5/8-in.) as-received plate of the reference
heat of type 316 stainless steel are reported for test temperatures in
the range from room temperature to 760°C (1400°F). True stress-strain
curves for the as-received and reannealed material have been compared
with the tensile equation in the Nuclear Systems Materials Handbook. The
present tensile equation in the Handbook describes the tensile data
very well.

ix




Room-temperature hardness data on specimens machined from various
product forms of the reference heat of type 316 stainless steel are
presented. The present status of creep tests on the reference heat of
type 316 stainless is described.

Temperature dependences of tensile data for 20 heats of type 304
stainless steel were analyzed in terms of the property itself and in the
ratio form. Reannealing significantly decreased yield strength and the
yield strength ratio. The methods of calculating minimum tensile prop-
erties are compared. The tensile results on 20 heats of type 304 stain-
less steel were used to examine the time-independent stresses reported
in ASME Code Case 1592. Time-independent stresses in the code were
shown to be too underconservative for the reannealed material.

Long-term creep tests on several heats of type 304 stainless steel
were updated. Several test times have exceeded 30,000 hr. The heat-to-
heat variation was shown to exist for long-term data and also for aged
material: weak and strong heats remained weak and strong even after
long-term aging. Increasing niobium content increased long-term time to
rupture and decreased minimum creep rate. Niobium was shown to be an
effective strengthener even for test times exceeding 31,000 hr.

A method was developed for estimating trends in the creep strain
to tertiary creep as a function of rupture life and minimum creep rate.
Application of the method to data for four elevated-temperature structural
materials has yielded good results in general, although the results
contain a large amount of scatter.

The existing double-exponential thermal creep equation for type 316
stainless steel is observed to suffer a number of deficiencies, some of
which are delineated. In searching for an improved or simplied substitute
a nonlinear least squares fit is obtained for the minimum creep rate,
with somewhat disappointing results. Additional effort in this direction,
with respect to the primary creep strain parameters, is demonstrated to
be impractical.

Linearized least squares fits are obtained for the logarithms of
the equation, using presently available data, with promising results.
More test results are being modelled by several equation forms to obtain
specific creep equations. A single rational polynomial form may prove
adequate to describe the observed creep.

Operation of a mechanical properties data storage and retrieval
system is continuing. In conjunction with this system, a new computer
program for analysis of fatigue and creep-fatigue data is being developed.

A new method for determining accurate static elastic constants (Z,
G, and V) as functions of temperature by repeatedly employing a single
test specimen for gathering the bulk of the test data was developed.
Key features of the method include (1) confining test runs to strain
levels well within the elastic range (£ < 1.2 X 10_“), and (2) correcting
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for "softening'" or "hardening" resulting from repetitive use of the test
piece should the effect prove significant. Preliminary tests showed
repetitive use of the specimen to produce modest softening. The amount
of reduction in Young's modulus was about 0.6% at 482°C (900°F) for
isothermally annealed 2 1/4 Cr-1 Mo steel and 0.9% at 538°C (1000°F) for
mill-annealed type 304 stainless steel.

A correlation of existing elastic constant data on 2 1/4 Cr-1 Mo
steel was completed. The results are reviewed.

Creep-rupture testing at 649°C (1200°F) has been used to determine
the effects of residual elements on the ductility of types 308, 316, and
16-8-2 stainless steel weld metal deposited by the gas tungsten-arc
process. Types 308 and 316 weld metal containing 0.006% B, 0.04% P, and
0.5% Ti had good strength and significantly improved ductility. However,
the compositional variants of 16-8-2 that have been explored to date have
not yielded improvement.

The local stress-strain behavior of weldments can have significant
impact on engineering design codes when it is understood. Room-temperature
data for a type 308 electroslag weld show systematic variations in elastic
modulus of about a factor of 2.3 with specimen orientation relative to
substructure. Yield strength varies by about 1.3 with direction.

Much of the 593°C (1100°F) mechanical properties characterization
of type 308 CRE stainless steel welds that are now being tested at the
Westinghouse Research Laboratory is complete. The behavior is similar
to that of FFIF vessel test welds. Transverse specimens fail in the
heat-affected zone (HAZ) in an intergranular mode; the behavior is
consistent with the generalization of a base metal relatively weaker and
less ductile than the weld metal. Evidence for intergranular failures
at low total strains in type 304 HAZ regions has been found at 593 and
649°C (1100 and 1200°F).

Unannealed type 308 double submerged-arc stainless steel seam welds
in pipe have low creep ductility at 649°C (1200°F) and fracture surfaces
consistent with sigma phase embrittlement. Evidence of interphase
separation has been found in a GTA 16-8-2 weld (Bechtel reference heat,
Arcos 2367R) creep tested for 11,896 hr at 593°C (1100°F) with no exten-
someter damage.

The effect of heat treatment on the creep-rupture properties of
annealed 2 1/4 Cr-1 Mo steel was investigated at 454, 510, and 566°C
(850, 950, and 1050°F). Three different heat treatments were used on
plates taken from heat 20017: two different full anneals (different
furnace cooling rates) and an isothermal anneal. The cooling rate
affected creep-rupture properties. The properties for the slower cooling
rate (for the full anneals) and the isothermal anneal were quite similar.
The slower cooling rate is the anneal on which most of the mechanical
properties were determined on heat 20017,
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Data from fatigue tests with hold times for annealed and isothermally
annealed 2 1/4 Cr-1 Mo steel have been analyzed by the method of strain
range partitioning, and preliminary results are reported. Life predictions
appear accurate within a factor of 2.

Interim curves have been constructed showing the bilinear stress-
strain constants Kg, Ki, Kz, Em’ and C as functions of maximum strain,
€max> O0f 2 1/4 Cr-1 Mo steel at various temperatures from room temperature
to 538°C (1000°F). Heat-to-heat, heat treatment, and strain rate effects
appear to be significant, but the proposed interim curves apply to a

single isothermally annealed heat at a ramp strain rate of 4 X 107 %/sec.

Creep characterization tests on the reference heat of type 304 stain-
less steel were completed, and results are compared with curves recommended
for use in inelastic analysis at 593°C (1100°F). Data showing the cyclic
hardening behavior for type 304 stainless steel are provided for tempera-
tures in the range 427 to 649°C (800—1200°F). Data are represented by a
model and the parameter values of the model are represented in terms of
temperature and strain range. Relaxation data are provided for 2 1/4 Cr-

1 Mo steel at 482, 510, and 538°C (900, 950, and 1000°F). Creep rupture
results under uniaxial and multiaxial stresses are presented for type 304
stainless steel to beyond 20,000 hr.

The results of stress rupture tests in simulated HTGR helium envi-
ronment are reported for single heats of Hastelloy X and 2 1/4 Cr-1 Mo
steel. Rupture lives and elongations were consistent with literature
values.

Subcritical crack growth tests on 2 1/4 Cr-1 Mo steel are discussed.
Crack growth rates in air are given as a function of temperature [204 to
593°C (400—1100°F)], frequency (40 to 6000 cpm), and mean stress level.
Comparative effects in steam and helium are also reported.

An environmental chamber has been designed for low-cycle strain-

controlled fatigue testing in vacuum or simulated HTGR helium. Continuous-
cycling strain-controlled fatigue tests on Hastelloy X in air have begun.

4, NAVAL RESEARCH LABORATORY

(No report)

5. HANFORD ENGINEERNG DEVELOPMENT LABORATORY

The summary, major conclusions and some data of a recently completed
comprehensive document on the fatigue crack propagation of Inconel 718 and
its weldments are presented. Two important points from HEDL work are:
limited data indicates the fatigue crack growth rate of Inconel 718 in
sodium at 800°F (427°C) is approximately an order of magnitude lower than
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that in air under similar conditions; and, the ANC developed heat treat-
ment results in lower crack growth rates relative to the '"conventional" heat
treatment at test temperatures below the final aging temperatures of 1150°F
(621°C). Crack propagation information on A-286 steel is also given.

6. WESTINGHOUSE ADVANCED REACTORS DIVISION

Creep testing of bar, plate, and tube specimens was continued using
material from the ORNL Type 304 stainless steel reference heat (9T2796).

A plate test under combined tension and bending has accumulated 12.2
percent permanent strain with the creep rate continuing to decrease.
Test results for welded plates and bars have been compared to unwelded
specimens. The rupture strength of the transverse weld plate specimens
is slightly less than that for base metal under plane stress. Similar
specimens with axial welds indicate that the rupture life at comparable
stress is about three times that of the base metal but less than that
of all-weld-metal specimens under plane stress. Results for notched
bar specimens with transverse welds indicate notch insensitivity in the
weld metal and notch weakening in the heat affected zone.

Data reduction on results obtained from the tubular specimens con-
tinued. The CREEP-FIT data reduction program was updated to allow for a
least-square fit to a two exponential term creep equation. This has re-~
sulted in a better fit with the test data in the transient creep range.
Automatic plotting capability has also been expanded for better comparison
of test data. Reference heat Type 316 stainless steel material has been
received and heat treatment procedures are being established.

Fatigue tests of Type 316 stainless steel in flowing sodium at 11GO°F
(593°C) are reported. Results are presented for as-fabricated samples,
as well as samples pre-treated in flowing sodium or argon at temperatures
of 1200°F or 1325°F for 5000 hours. At a total strain range of "1 percent,
in-sodium data are essentially the same as in-air data reported in the
literature. Samples pre-treated at 1200°F for 5000 hours and tested
at 1100°F in sodium show a factor of two increase in fatigue life when
compared to as-fabricated data. Samples pre-treated at 1325°F for 5000
hours show a factor of four increase in the fatigue life. A strain
hardening exponent of 0.32 is obtained from the data for the pre-treated
samples.

Low-cycle fatigue data for Inconel 718 tested in air at 1000°F (538°C)
are presented. The material was heat treated per AMS-5596C and tested
in the as-fabricated condition. The results will be used as baseline
data for future in-sodium tests of the same material.
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7. UNIVERSITIES

UNIVERSITY OF CINCINNATI

Work on the preliminary evaluation of the dislocation substructure
of the creep and tensile specimens from the reference heat 9T2796
(1 inch plate) of AISI 304 stainless steel was completed. The deformation
behavior of these specimens which were tested at temperatures ranging
from 538 to 816°C and strain rates from 9.7 x 10™° sec”™! to 8.3 x 1072 sec”!
has been analyzed in terms of the influence of dislocation substructure.
The existing relationships of the deformation rate, stress and temperature
were viewed and a modified version in which a substructure parameter is
explicitly included is shown to adequately describe the deformation
behavior. More work is still required and being done to elucidate the
influence of second phase carbides on the deformation characteristics.

The dislocation substructure of a set of specimens from the reference
heat of 304 stainless steel in which the stress levels were changed during
steady state creep were evaluated and the results are presented. The
subsequent creep behavior obtained from these tests is being understood
in the light of the substructure and the results will be reported later.

TEM evaluation and preliminary analysis of substructure data observed
in Incoloy 800 push-pull fatigue specimens are presented and discussed
in terms of several existing theories. The critical dislocation density
for subboundary formation was experimentally confirmed to exist and found
to be inversely proportional to the square of absolute temperature.
Misorientation angle between adjacent cells or subgrains for specimens
tested to failure was found to be independent of any of those parameters
employed in this study. The density of dislocations associated with
subboundaries, pgp, was estimated from the misorientation angle and the
ratio of pgg to free dislocation density, p, was found to be approximately
one and a half. This fraction was independent of strain, stress range
and temperature for the test conditions of this experiment.

Saturation shear stress was calculated on the basis of the free mesh
length of dislocation networks in the subboundaries by using the density
of dislocations forming the subboundary and found to be consistent with
the observed stress.

UNIVERSITY OF CALIFORNIA, LOS ANGELES

Calibration experiment on crack propagation study in Type 304 stain-
less steel is described. Using compliance measurements, the length of
a part-through crack can be determined to be an accuracy of better than
0.002 in.




8. GENERAL ELECTRIC COMPANY

Programs designed to study the effects of high temperature sodium
environments on :he mechanical properties of stainless steels and 2%Cr-1Mc
are continuing. The results of a program evaluating the effect of heat
treatment and melting practice on the mechanical behavior of 2%Cr-IMo are
reported for the first time.

Type 316 stainless steel has been tested at 510°C in carbon
saturated sodium after 1,000 hr. pre-exposure. Creep, creep/fatigue and
fracture mechanics bend tests are being performed to assess the effect
of carburization on the mechancial behavior of this alloy. Creep rupture
data are not yet avilable from control tests, however, the minimum creep
rates of the carburized samples in sodium are about twice those of the
control tests. Initial control tests run in the crack growth rate
apparatus are in agreement with results of the investigations.

Creep/fatigue (unaxial and biaxial) testing of 24Cr-1Mo at 510°C
in decarburizing sodium continued. Results of these tests fall only
marginally above the minimum values required by Code Case 1592 of the
ASME B&PV Code.

The mechanical properties of vacuum arc and electroslag remelted
2%4Cr-1Mo are being determined for several different heat treatments
in-order-to assess the effect of consumable remelting on the mechanical
behavior of this alloy. Both short term tensile properties and creep
rupture properties fall within the tolerances limits specified for the
respective properties in the Nuclear Systems Materials Handbook.

Charpy impact and drop-weight tests have also been performed. The
electroslag remelted steel has considerably better impact strength and
a lower ductile/brittle transition temperature than the vacuum arc
remelted steel. However, this may be due to the inherently fine ferritic
grain size of electroslag remelted steels.

The fracture toughness of 2%Cr-1Mo, both air melted and vacuum arc
remelted is being evaluated by elastic-plastic fracture toughness testing
methods employing thick compact tension specimens. J integral theory
has been employed to compute K_ values for room temperature tests on
annealed steel; a multiple specImen analysis gave a KI value of
214 MPa/m(194 ksivin). ¢
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2. ARGONNE NATIONAL LABORATORY

R. W. Weeks

2.1 INTRODUCTION

Argonne National Laboratory (ANL) is conducting extensive programs
to provide elevated-temperature, low-cycle fatigue data on Types 304 and
316 stainless steel and to study the effects of sodium enviromment on the
elevated-temperature mechanical properties of these materials. Both
programs are in support of LMFBR component design. The report describes
a mathematical method developed to correlate the shape and depth of the
surface grooves on Type 304 stainless steel fatigue specimens with the
number of cycles to initiate a crack and presents the results of low-
cycle fatigue tests conducted on Type 316 stainless steel in sodium at
600 and 700°C.

2.2 TFRACTURE AND FATIGUE STUDIES ON STAINLESS STEEL -- D. R. Diercks

2.2.1 Correlation Between Geometrical Parameters of Surface Roughness
and Fatigue Crack Imjitiation -- P. S. Maiya

A straightforward mathematical analysis of surface-roughness profiles
produced on the low-cycle fatigue specimens (hourglass shape) of Type 304
stainless steel is presented. The surface roughness was produced cir-
cumferentially by grinding with silicon carbide paper of different grit
sizes. A Talysurf instrument was used to trace the surface profile.

The vertical and horizontal resolutions of the Talysurf instrument used
in the present work are better than 0.0l and 4 um, respectively. The
profiles were then analyzed to obtain numerical values for the several
surface-roughness parameters related to the shape of surface grooves.
The geometrical parameters were then used to determine the possible
correlation with fatigue life.

Consider the appearance of a typical surface profile recorded for
a ground surface, using a Talysurf instrument, as shown schematically

in Fig. 2.1. 1In general, the profile is described by a Fourier series
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Fig. 2.1. Surface-roughness Profile. Neg. No. MSD-60691.
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where Ao’ Ak’ Bk (k=1, 2, . . . N-1), and A.N are the Fourier coef-

ficients. The Fourier coefficients are given by

(2)

3)

(4)




The 2N amplitude measurements were made on a profile of length L at 2N
points along the x-axis, starting from origin 0, either at equal inter-
vals or at the locations of peaks and valleys. From the amplitude data,
the 2N Fourier coefficients were evaluated from Eqs. (2)-(4). The in-
tegration was carried out numerically using the trapezoidal rule,

The various surface-roughness parameters are defined as follows:

The average depth of surface grooves is

L
R =%[ £ (x) |dx. (5)

av
Q

The root-mean-square (rms) value* for the profile is

L 1/2
—l—f [£(x) ]2 ax . (6

rms = L
Q

The average wavelengthl is

L
[ |£(x) [dx
Aav = 27 OL , (7)
] [f'(x)|dx
0

and the rms wavelength is

”~

L 1/2
4 %f [£(x)]1% dx
Apg = 27 > OL 77 (8)
< %f [£' (017 dx
L o

*The distinction between the average and rms values is not of practical
importance in the present paper.




L
where f(x) =y - a, a =-% j' ydx, and the prime denotes differentiation.
Physically, a is the distance between the center line and the Ox axis
(Fig. 2.1). From Eqs. (6) and (8), it follows that

L 1/2 7
R/ L lf [£'G)1% dx - (9)

where Z1 is the rms of the first derivative (slope) of the profile. The
quantities given by Eqs. (5)-(7) have been determined by using the stan-
dard techniques of numerical integration.

Another useful geometrical parameter that indicates the sharpness or
degree of curvature of the "hills" and 'valleys'" is the rms of the second

derivative of the profile defined by

L 1/2
1

z, = Ef [£" (x)1% dx : (10)
0

The parameters Z1 and 22 may be of importance in fatigue and in friction
and wear properties.

A determination of which parameter is the most important may depend
upon a particular application. For example, the Zl characteristics
have been found to be more useful than 22 in predicting the frictiomal
behavior of cold-worked disks.2

The Fourier representation of a surface profile also provides a
convenient method of determining analytically the rms properties of the
profile, namely, R s Arms’ and ZZ' For example, using orthogonality

Tms
relations such as

L 0, k k'
]
I cog 2Lk x o o2mkix .o , (11)
0 L/2, k = k'




we find that R s Y , and Z, can be expressed in terms of the Fourier
rms’ 'rms 2

coefficients as follows:

L2 N1 1/2
R =/1/2 —f}—-f E: (Ak2 + Bkz) + AN2 , 12)
k=1
L2 M 1/2
o) 2 2 2
S+ ) @S+ +a
k=1
A "—'ZTT ’ (13)
rms N-1 (zn k A ) 2 ( 21 k By )2 21 N A 2\1/2
B
L L T
k=1
and
2. = JiT2 o [2mx\é 2 . |2k 2| [z b a6
2 = }2 L A T k L Ay b -
k=1

The rms values can thus be determined from Eqs. (12)-(14), which involve
the summation of the Fourier coefficients. The cutoff length L was
chosen such that L >> A, for better representation of surface profile.
The maximum depth of surface roughness (Rmax) was also determined from
the profile amplitude measurements.

The variation of the surface-roughness parameters with the grit
size of the silicon carbide paper for the fatigue specimens containing
circumferential grooves is summarized in Table 2.1. The low-cycle
fatigue tests have been performed under axial push-pull strain-cycling
conditions at 593°C at a strain rate of 4 x 10_3 sec_l. From the fatigue-
striation spacing measurements, the crack-initiation life N0 (number of
cycles to initiate a crack length equal to 0.1 mm) has been determined.
The technique for producing surface roughness, the fatigue test results,

and the details concerning the determination of N0 can be found else-

where.3_5 Because surface roughness affects only No’ it is meaningful to




Table 2.1. Values for Geometrical Parameters Related to Surface Roughness for Type 304 Stainless Steel

2’
Surface Rav’ ers’ Rmax’ Aav’ Arms
’ R /A -1
Preparation pm um pm um um Tms Trms um
Mechanically
Polished? - 0.0075 <0.027 - 6 0.00125 -
Ground on Silicon
Carbide Paper
600 grit 0.032 0.0386 0.18 19.0 18.5 0.0021 0.00611
240 grit 0.393 0.482 1.8 23.2 22.8 0.021 0.0434
50 grit 2.758 3.736 8.9 83.0 89.5 0.042 0.023

8The values for this case were determined by interferometric techniques.



obtain a correlation between the parameter related to surface roughness
and No' When the strain range is held constant and only the surface
roughness is varied in fatigue tests, the relation between No and the
geometrical parameter (which enhances the strain at the root of surface

notches produced by grinding) is assumed to be of the following form:

N0 = A (surface-roughness parameter)_a, 15)

where A and o are constants. Equation (15) is based on the Coffin-Manson
relation for crack initiation, i.e., N0 = A (Aep)_a, where Aep is the
plastic strain range. When Ac_ is held constant and only surface rough-
ness increases, the effect of surface roughness may be considered to
enhance the strain concentration6 that depends on the surface-roughness
characteristics, as suggested in Eq. (15). Figures 2.2-2.4 show the

correlation between R /A and N , R and N , and R and N ,
rms rms o’ "max o rms o
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Fig. 2.2, Fatigue Crack-initiation Life vs rms of
the First Derivative of Surface Profile,
Neg. No. MSD-60693.
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respectively, on log-log plots. Based on the correlation factor of
linear regression for limited data, the amplitude, particularly the rms
value (ers) of the surface profile, gives better correlation with N0
(Fig. 2.4, correlation factor = 0.96) than the rms of the first de-
rivative of the profile (Fig. 2.2, correlation factor = -0.89). However,
more extensive data are needed to firmly establish this point of view
and the importance of parameters such as Zz. It is also important to
note that the present analysis 1s also applicable to the analysis of
surface topography that develops in initially smooth specimens sub-

jected to fatigue.6
2.3 SODIUM EFFECTS ON LMFBR MATERIALS -~ T. F. Kassner

2.3.1 1Influence of Sodium Enviromment 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 in-
fluence of a high-temperature sodium enviromment on the low-cycle fatigue
behavior of Types 304 and 316 stainless steel. The effect of testing
in a sodium enviromment and the effect of long-term sodium exposure are
being investigated. The fatigue tests are conducted in sodium of con-
trolled purity, viz., 1 ppm oxygen and ~0.4 ppm carbon, at a strain
rate of 4 x 10_3 sec_l. Data reported previously7 indicate that the
fatigue life (for Aet n1%) of annealed Type 316 stainless steel tested
in sodium is about a factor of four greater than when tested in air at
a temperature of 600°C.

Figure 2.5 shows the fatigue data for both the annealed and sodium-
exposed Type 316 stainless steel tested in sodium at 600°C. The carbon
concentration in sodium during the 1512-hr exposure was maintained at
~0.4 ppm. Additional data have been obtained at both higher and lower
strain ranges during the present report period. Data at the lower
strain ranges (Ast v 0,77%) indicate a slightly longer fatigue life for

the sodium~exposed specimens. This difference has tentatively been

attributed to slower crack initiation that results from carburization
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Fig. 2.5. Strain Range vs Cycles to Failure for Type 316 Stainless
Steel Tested at 600°C in the Annealed and Sodium-exposed
Conditions. Neg. No. MSD-61867.

of the sodium-exposed steel. The recent data for annealed material
also indicate that the ratio of fatigue life in sodium to that in
air increases from V2 to 6 as the total strain range decreases from
1.5 to 0.7%.

Fatigue data obtained at 700°C for Type 316 stainless steel are
shown in Fig. 2.6. The fatigue life at 700°C is nearly a factor of two
lower than that at 600°C. However, the fatigue life in sodium at 700°C
is substantially better than that reported for aged material tested in
air at the same temperature.8 Little difference is found between the
data for the annealed material and the sodium-exposed samples. In
contrast to the 600°C data, the annealed material at 700°C appears to
have a slightly longer fatigue life at the lower strain ranges (Aet 0.7%) .

It should be pointed out that, during the 1512-hr exposure to sodium
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Fig. 2.6. Strain Range vs Cycles to Failure for Type 316 Stainless Steel
Tested at 700°C in the Annealed and Sodium-exposed Conditioms.
Neg. No. MSD-61868.

(v0.4 ppm carbon), the carbon concentration at the surface of the 600°C
specimens increases to V0.3 wt%, whereas the carbon concentration at

the surface of the 700°C specimens changes very little from the initial
concentration of ~0.06 wt%. The cyclic stress-strain response is shown
in Fig. 2.7 for both temperatures. The stress range for the sodium-
exposed samples is significantly less than that for the annealed material
at 600°C; however, little difference is observed at 700°C. Apparently
substantial thermal aging occurs at 700°C during exposure to sodium for
the thermal equilibration period just before fatigue testing. This con-
clusion is also supported by the much lower strain-hardening exponent
(~0.15) at 700°C compared with a value of ~0.31 at 600°C for the an-
nealed material. Additional tests are being conducted on aged samples

to ascertain which effects are due only to aging in sodium and which are

due to sodium effects, primarily carburization.
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3. OAK RIDGE NATIONAL LABORATORY

W. R. Martin

3.1 INTRODUCTION

The ORNL mechanical properties effort comprises several programs.
The program Mechanical Properties and Behavior for Structural Materials
deals with materials of general applicability to the LMFBR program.
Other programs are concerned with the mechanical properties of weldments
in LMFBR components, the specific materials of interest for LMFBR steam
generators, collection and correlation of mechanical data needed for
design on high-temperature ILMFBR systems, and materials for the primary

circuit and steam generators of HTGR systems.

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

The objective of this program is to collect mechanical property
data and material behavior for LMFBR structural and component materials.
Included in the scope of this effort are the following: (1) basic tensile,
creep, creep-rupture, and relaxation base-line data that are directly
applicable to design criteria and methods for types 304 and 316 stainless
steel reference heats and cyclic stress-strain tests performed with
emphasis on loading and aging history effects, (2) variations in properties
for several heats of types 304 and 316 stainless steel determined to allow
establishment of minimum and average values of specific properties and
the equation parameters required for design purposes. This work will
include determination of property variation of samples from different

mill products within a given heat of stainless steel.

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

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

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

type 304 stainless steel (9T72796) continued. The test times and strains
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for all tests have been updated and are summarized in Table 3.1. Several
tests have approached a test time of 25,000 hr. Creep curves on all tests

were updated and showed them to be progressing smoothly.

3.2.1.2 Tensile Tests Following Periods of Creep

Data on tensile tests following periods of creep were reported
previously.1 In this section we present possible reasons for the loss
in tensile ductility due to prior creep.

The possible reasons for loss in tensile ductility due to thermal
aging and prior creep deformation have been summarized in Table 3.2 along
with several postulated microstructural changes due to thermal aging and
prior creep. Examples of microstructural changes and hardness data are
described here. The influence of thermal aging for 10,000 hr at 482,

593, and 649°C (900, 1100, a