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ABSTRACT

Seven steels now used or having potential for use in the con-
struction of nuclear reactor containment vessels were evaluated
in uniaxial tension at 75°F following irradiation at < 250°F. Ex-
periment irradiations involved neutron fluences up to 9.5 x 101°
n/cm? (> 1 Mev). Tensile properties of the A212-B, A302-B,
A350-LF1 (Modified), A350-LF3, A353, T-1, and HY-80 (Ni-Cr-Mo)
steels were determined as conventional tensile and yield strength
and percent reduction of area. In addition, observed stress-strain
relationships were plotted using both nominal stress-percent re-
duction of area coordinates and true stress-natural strain coor-
dinates. Curves given in the latter coordinate system were also
expressed in suitable analytic form. All individual tensile data
were compiled in tabular form, and stress-strain curves were
summarized as bands giving maximum and minimum properties
behavior.

Limited metallographic and fractographic data were obtained
to establish the metallurgical structures of the steels and todepict
the transition from a ductile shear fracture to a brittle flat frac-
ture at high neutron fluences for the more brittle steels.

PROBLEM STATUS

This report covers one phase of the work; work on other
phases is continuing.

AUTHORIZATION
NRL Problem MO01-14

Projects RR 007-01-46-5409 and SF 020-01-05-0858
AEC-AT(49-5)-2110; USA-ERG-3-67

Manuscript submitted September 22, 1967.
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THE TENSILE PROPERTIES OF SELECTED STEELS FOR USE
IN NUCLEAR REACTOR PRESSURE VESSELS

INTRODUCTION

Power reactor pressure vessels because of boiler code restrictions have until re-
cently been projected as being constructed of A302-B steel (1), a modified Mn-Mo steel
which in the heavy-thickness plates (to 12 inches) required, transforms on quenching to
mixtures of martensite and bainite. For plate thicknesses above 12 inches, however,
this steel is not suitable for projected pressure vessel applications because of the in-
ferior fracture toughness observed for the heavier sections. To facilitate construction
of the projected larger nuclear power plants, new higher strength steels are needed such
as the recently approved ASTM A543 steel, which is more generally known as HY-80, a
steel developed for submarine construction. Through use of this steel a hypothetical
3000- Mwe pressure vessel, which would require a wall thickness of 12 inches if fabri-
cated of A302-B steel, could have a wall thickness of 10 inches, leading to a weight sav-
ing of 500 to 750 tons for the pressure vessel (1). For higher strength steels additional
savings in weight become possible along with a superior fracture toughness. This supe-
rior toughness is retained with less modification indicated on exposure to neutron flux
environments (2) than is the case for A302-B steel. It has been suggested by Steele
et al. (2) that, for the plate thicknesses of concern in pressure vessel applications with
an increase in tensile strength, there is in general observed a lower initial NDT, a
smaller ANDT with neutron exposure, and a possible earlier saturation of the radiation
damage effect.

Possible application of the higher strength materials to nuclear pressure vessel
construction would appear to be limited in the near future to HY-80 steel. This steel is
competitive economically, and it has been extensively applied in constructing high per-
formance naval vessels. Consequently, the fabrication characteristics and requirements
of the steel are well established.* However, to develop suitable background information
for evaluating the response of high strength steel to neutron exposure, it is desirable to
establish the tensile properties changes of such steels with various chemical composi-
tions and initial tensile strengths with progressively increasing neutron exposures. At
the present time the tensile data taken for steels other than A212-B and A302-B, both of
which are minimum strength steels for pressure vessel applications, have been confined
largely to conventional tensile data. These data have been reviewed at some length by
Trudeau (3). In general the yield strength of a steel is elevated on continued exposure to
a fission neutron environment, and the rate of increase of the yield strength is repre-
sented frequently by a relation of the form (4)f

‘/'\Oys = AVoe,

where Ao is the increase in ¢, in ksi, 4 is a constant, and ¢! is the neutron flux in
units of 161“. The proportionating constant 4 in this expression will vary in magnitude

*This statement while valid for nonradiated steels, may require reconsideration for
nuclear applications. Preliminary data have indicated a high sensitivity to radiation of
conventional HY -80 weldments.

fThis relationship is frequently challenged and can be only approximately correct on
extrapolation to high neutron fluences.
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with structure of the steel and the temperature of testing; for steels such as those tested
in the present study 4 has been reported (5) to vary from about 16 for an exposure tem-

perature of 100°C to about 2 for an exposure temperature of 350°C. However, a suitable
functional relationship between 4 and exposure and test temperature has not as yet been

developed.

The true stress-natural strain properties of steels following radiation damage have
been employed by Trozera and Flynn (6) in the study of failure conditions in tubes after
radiation damage. Examination of their results suggests that, in general, the analysis of
structural failure due to the action of multiaxial stresses requires the use of suitable
generalized stress-strain relations such as the true stress-natural strain relations.
Such relations where expressed in the analytic form o = o 5" have been advanced by
Cottrell (7) as suitable for the determination of ¢; and %y in the Petch (8) expression

oy = o + ky/\Nd
where o, is the lower yield strength, %y is the dislocation locking stress, < is the grain
diameter, and o, is the stress at the intersection of the elastic and plastic stress-strain
curves. The values of oy, ky, and o, each is potentially a measure of radiation harden-
ing. While o is directly observable, the determination of %y requires the use of the true
stress-natural strain properties of the steels.

Because of the possible theoretical as well as practical uses of the data, the tensile
studies for the seven steels investigated have been completed to allow the true stress-
natural strain data to be represented both graphically and analytically.

EXPERIMENTAL PROCEDURE
Materials

The low alloy constructional steels as a group are heat-treatable to microstructural
conditions generally designated as ferritic (combined with pearlite), bainitic, and/or
martensitic. These structures, which are formed on quenching, are more or less modi-
fied by tempering, but, for the most part, establish a maximum hardness and consequent
tensile strength obtainable in the steel. Low strength levels are usually associated with
the ferrite-pearlite microstructures, while intermediate and higher strength levels are
associated with bainites and martensites.

For the present series, three steels form pearlite in ferrite; one transforms to a
nearly homogeneous bainite structure throughout a plate thickness of 6 inches, while the
remaining three steels transform to martensite. In addition, two series of steels with a
complete range in microstructures can be established within this series by reference to
nickel content as: less than about 0.5% and greater than about 1.75%. The compositions
of the seven steels forming the series are given in Table 1. These steels at the indicated
plate thicknesses were heat treated and then sectioned for specimen preparation.

Tensile Specimens and Testing Procedures

Tensile specimens of the dimensions given in Fig. 1 were prepared for encapsulation
and exposure in selected neutron environments by the procedures that have been de-
scribed at length in earlier reports (9-11). The specimen shape which has proven most
convenient for determination of the load-diameter curve is designated in Fig. 1, and this
is at present considered the standard shape. Specimens with a straight cylindrical test
section complicate the procedures required to record the load-diameter curve in the test;
these specimens are no longer made.
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2520 TENSION TEST SPECIMEN
SQ. ENDS

NRL MATERIAL NO.

CONSECUTIVE NO.

8 " "
375 R BLEND R TO .255C DIA.
MUST NOT UNDERCUT BELOW
.2550"DIA. (TYP) SEE ENLARGED

VIEW.
—
197"
+ 001
/ ]
| XXX-X XXX-X §
’ ‘<— IL“»
32
4.330" -
! *.002
SPECIMEN TO ASSUME A RADIUS
CONTOUR BETWEEN .2550" DIAS.
TO .2520'DIA. MUST NOT UNDERCUT
BELOW .2520"DIA.
-2550'DIA R .2550'DIA.
F-°0°5  2520'DIA. [3-0005

+.0005
[
Y

- 875

- e |,75O"7————— R 4L ’<—~

)
*.00 (TYP)
ENLARGED VIEW
CENTER SPECIMEN AREA

Fig. 1 - Details of the requirements for
the recommended tensile specimen

The encapsulated specimens were irradiated in a number of different facilities at
temperatures less than 250°F. The exposure levels™ and irradiation temperatures for
the several sets of specimens are presented in the summary tables in the Appendix.
These specimens together with unirradiated reference specimens were than tested in the
NRL hot cell facilities to determine the load-elongation curve to about 1% elongation and
the load-minimum diameter curve from about 1% reduction of area to fracture. For a
number of specimens, percent elongation was measured, although for the nontapered
specimens, this measurement frequently was not possible. The reduction of area after
fracture was usually measured, but only a limited number of measurements of uniform
reduction of area were made.

From the two load-deformation curves recorded, the yield strength, tensile strength,
percent elongation, percent reduction of area, maximum load strain, yield-to-tensile
strength ratio, and true stress-natural strain relations for the individual tests were
calculated.

*Dosimetry measurements have been discussed at length in other NRL Reports (12-15),
and those interested in the procedures used are referenced to these earlier reports.
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Metallography

Mechanical test specimen fragments as needed were sectioned for metallographic
specimen preparation. Typical microstructures for the unirradiated steel conditions are
reported in the next main section to provide suitable reference for the material tested.

Representation of the Test Data

Nominal stress-reduction of area summary plots have been used at length to report
the tensile data. These curves, while readily established from the nominal load-change
in diameter curves taken in the test, ideally should be converted to true stress-natural
strain curves for use in combined stress systems. The curves plotted in true stress-
natural strain coordinates are presented in the Appendix together with the 7 true stress-
In natural strain curves which were used to establish the analytical form of the power
series expressions which describe the stress-strain relations for the different steel
conditions.

All numerical data that have been used in constructing the conventional properties-
neutron flux curves throughout the report are accumulated in tables for the individual
steels and are presented in the Appendix.

METALLOGRAPHIC STRUCTURES

The A212-B steel is a carbon-silicon steel with total alloy content including Mn and
Si of about 1-1/2%. Consequently, it is a low hardenability steel, and for the 4-inch-
thick section investigated the quenched and tempered structure consisted of equiaxed
ferrite and fine pearlite, Fig. 2a. As shown in Fig. 3 the grain size of the steel was
mixed and consisted of large pearlite clusters dispersed through a fine structure of fer-
rite and pearlite. This combination, in general, should possess somewhat inferior notch
toughness.

Steel A302-B is a Mn-Mo steel of intermediate hardenability which does not readily
form pearlite due to the significant Mo content. The typical bainitic structure found in
this steel on quenching is retained throughout a 6-inch-plate section after tempering.
The characteristic bainitic structure is presented in Fig. 2b.

Steel T-1 is a Ni-Cr-Mo-V steel with total alloy content of about 2-3/4%. The alloy
combination employed in this steel gives it greater hardenability than that measured for
the two steels already discussed. Increased hardenability together with the reduced plate
thickness at which this steel was heat treated thus promoted the development of a fully
martensitic structure on quenching. The tempered structure presented in Fig. 2¢ sug-
gests that little if any high temperature transformation product was formed in this steel.

Steels which quench to variable microstructures from the surface to the center of
the plate tend to lose the accompanying hardness differential on tempering. The hard-
ness traverses for the A212-B, A302-B, and T-1 steel plates, given in Fig. 4, indicate
this leveling of hardness especially well for the A302-B steel. This correlates with the
uniform bainitic structure observed for this steel. For the other two steels there is a
hardness minimum at the center of the plate.

A350-LF1 and A350-LF3 steels contain Ni additions in amounts sufficient to improve
mechanical properties but which do not greatly increase hardenability. Because of a
modest hardenability and low carbon content these steels during quenching transform to
equiaxed ferrite and small clusters of fine pearlite. During tempering, the equiaxed
ferrite for the most part is retained unchanged, while the carbide in the fine pearlite is
agglomerated (Fig. 5a).
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Fig. 5 - Characteristic microstructures of the nickel bearing steels



8 KLIER, HAWTHORNE, AND STEELE

HY-80 steel is a modified 43XX steel with Ni, Cr, and Mo contents increased, or it
may be considered to be a 33XX-type steel modified with about 1/2% molybdenum. It is
thus a steel with deep hardening characteristics, so that high temperature transforma-
tion products would not be expected even in relatively heavy sections after water quench-
ing. On tempering, the carbides in the steel are precipitated and agglomerated while
vestiges of the martensitic structure formed during quenching are retained (Fig. 5b).

A353 steel is an approximately 9% Ni steel with 0.15% Mo added. For the section
thickness studied, the steel in the double normalized-tempered condition is effectively a
tempered martensitic structure (Fig. 5¢) which is extensively banded (Fig. 6).

The four nickel-bearing steels are of uniform hardness from surface-to-surface
(Fig. 7), and the values correlate well with the microstructures observed for these steels.

Fig. 6 - The banded structure observed

Rg
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3 2 | o} | 2
¢

DISTANCE FROM PLATE CENTER (IN)

Fig. 7 - Through thickness
hardness surveys of three
nickel bearing steel plate
and ring forgings

for A353 steel (100X)

TENSILE PROPERTIES

The conventional properties of yield and ten-
sile strength, elongation, and reduction of area
were found to vary with changes in a number of
factors. The more important of these factors are:
(a) specimen orientation in the plate, (b) process-
ing history of the plate, (c) chemical composition
of the steel, and (d) integrated neutron fluence
level.

Specimen Orientation

The nominal load-reduction of area curves
for specimens oriented in the rolling, cross-roll,
and thickness directions are presented in Fig. 8
for a 4-inch plate of A212-B steel. The number
of tests completed for each specimen orientation
is indicated in the figure.
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Fig. 8 - The nominal stress-reduction
of area data bands for A212-B steel
plate for the specimen orientations
indicated

For this quenched and tempered steel, the yield strength for all specimen orienta-
tions was about 50 ksi or slightly less. The tensile strength was in excess of 80 ksi, with
somewhat reduced values being measured with the thickness direction specimens. For
these latter specimens, large nonmetallic inclusions were oriented normal to the length
of the test section. With load application, these inclusions failed at low load, reducing
the effective load-bearing cross section. While the consequent notch action due to inclu-
sion failure tends to strengthen the test section, in general the inclusions were of such
size that their failure led to nominal load reduction.

The elongation and reduction of area were of maximum values in the rolling direc-
tion and only slightly reduced in the cross-roll direction.

Nominal strength-reduction of area curves for the three principal plate directions
for a 6-inch-thick plate of A302-B steel are presented in Fig. 9. The yield strength was
about 65 ksi, and the tensile strength approximated 90 ksi. The ductility was a maximum
in the rolling direction with a reduction of area of 65% and elongation of 30%. Ductility
was slightly reduced in the cross-roil direction and was a minimum in the thickness
direction, where the reduction of area was about one-fourth of that measured in the roll-
ing direction.

Processing History

All steels are subject to variable mechanical processing history both in the steel
mill and in fabricating a structure. This may lead to significantly variable strengths in
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A302- B PLATE
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different portions of a structure as is suggested by the nominal stress-reduction of area
curves for A350-LF1 steel presented in Fig. 10.

The conventional yield strengths (not shown) of the two lots of steel from the same
heat differ by about 10%, the minimum being about 46 ksi as compared with the maximum
of about 54 ksi. The minimum tensile strength was 64.5 ksi compared to the maximum of
about 77 ksi. This variability of nearly +10% in the tensile strength is large compared
to that expected for bar stock but may be considered as not unusual for plate.

100 |— A350- LFI (Mod.) RING FORGING

@
o

NOMINAL STRESS (ki)
8

D
(o]

20

* NO. OF SPECIMENS TESTED
* * MAX UNIFORM STRAIN

o | | | [ | | |

(o} 10 20 30 40 50 60 70 80
REDUCTION OF AREA (%)

Fig. 10 - The nominal stress-reduction of area data
bands for two lots of the same heat of A350-LFI
(Modified) steel
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Steel Composition

The strength properties of a given steel are determined by its metallurgical struc-
ture, which is governed by its heat treatment. For a given metallurgical structure the
strength of a steel is variable within limits as a function of alloy content. In thick plate,
processing leads to alloy segregation through the plate, and this segregation influences
the strength by altering the metallurgical structure, by changing the hardenability of the
steel and by a solution hardening effect. The solution hardening cannot, in practice, be
eliminated, but extreme structural differences due to hardenability differences can be
eliminated by prolonged tempering at the maximum permissible temperatures. How-
ever, because of the wide range in alloy content for the steel studied, relatively large
differences in strengths are possible. This is illustrated by the nominal strength-
reduction of area curves presented in Fig. 11 for low-nickel steels and in Fig. 12 for

nickel-bearing steels.

For the A212-B steel, the results for 32 tension tests are encompassed within the
maximum and minimum envelopes (Fig. 11). For this quenched and tempered steel, the
ranges of the conventional tensile properties are given in Table 2.

For the A302-B steel, the maximum and minimum envelopes also encompass the
results of 32 tension tests. The ranges of the nominal tensile properties for this steel
and for 0.40% Ni T-1 steel are also listed in Table 2.

The range of strengths in the medium to high nickel steels is from a minimum of
64 ksi to a maximum of 115 Kksi or about the same as that for the low nickel steels, and
the nominal strength-reduction of area curves are summarized in Fig. 12. The ductili-
ties of these steels as determined by the percent reduction of area are higher than those

140 t—

(MAX. UNIFORM STRAIN)

120 A7 LT

100
<
100

@
(o]

A

NOMINAL STRESS (ksi)
@ O
c O

N
(o]

a0 |-

* NO. OF SPECIMENS TESTED
20 —

o | 1 | | 1 | | |
Qo 10 20 30 40 50 60 70 80
REDUCTION OF AREA (%)

Fig. 11 - Nominal stress-reduction of area
data bands for the three low nickel steels
in the unirradiated condition
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o | ] ] | | ] | ]
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Fig. 12 - Nominal stress-reduction of area
data bands for four nickel bearing steels in
the unirradiated condition

Table 2
Tensile Properties for the Steels in the Unirradiated Conditions

. . . Elongation

Yield Strength Tensile Strength Reduction of (% in 1-in

Type of (ksi) (ksi) Area (%) :
Steel | gage length)
Min. Max. Min. Max. Min. Max. Min. Max.
A212-B 41.25 58.6 72.75 92.8 54.5 67.0 30.6 40.0
A302-B 63.8 83.5 84.5 104.0 54.5 67.0 22.3 32.6

T-1 107.7 - 118.0 - 64.0 - 19.0 —
A350-LF1 46.25 54.8 64.3 77.15 61.0 80.0 34.5 40.0

(Modified)

A350-LF3 56.0 60.2 80.75 84.0 69.5 72.0 32.0 35.0
HY-80 82.1 94.0 96.3 109.25 73.5 78.5 21.0 31.0
A353 92.6 99.75 109.5 114.25 68.5 69.0 28.5 32.0
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measured for the preceding series of steels.
The conventional tensile properties are sum-
marized in Table 2 for comparison.

The conventional tensile properties for all
the steelsbefore irradiation are summarized in
Fig. 13, where from left to right the steels are
arranged inorder of decreasingtensile strength.
The yield strength is largely determined by the
tensile strength; the yield strength-to-tensile
strength ratio is about 0.90 at the maximum
strength level. This ratio decreases to 0.60 for
the low nickel steels and to 0.70 to 0.75 for the
nickel-bearing steels at the minimum strength
levels.

The strain at maximum load, which is de-
termined from the reduction in cross section at
maximum load, is a minimum at the highest
strength levels and approximates a value of 0.1,
which corresponds to about 10% elongation. This
quantity increases with reduction in tensile
strength to nearly 0.2, which corresponds to a
uniform elongation of about 17%.

The tensile test properties considered to
this point follow the same trend lines for the
two sets of steels. However, the ductilities for
the two groups of steels as indicated by the re-
duction of area differ with that for the nickel-
bearing steels, being about 15% greater than that
measured for the low nickel steels.

Neutron Fluence Exposure

With exposure in an environment containing
a significant number of fast (>1 Mev) neutrons,*
a steel undergoes tensile properties changes as
indicated by the nominal strength-reduction of
area curves in Fig. 14 for A212-B steel. As the
fastneutronfluence increases, for an irradiation
temperature less than 250°F, the yield strength
is increased and at a fluence level of about 1019
n/cm? becomes equal to the tensile strength.
Withfurther exposure to neutrons, the maximum
nominal load is measured at the yield strength
strain, so the yield strength also determines the
tensile strength.

When the yield strength becomes equal to
the tensile strength, the maximum load strain
passes from the value of 0.1 to 0.2 measured
for the unirradiated material to values about
equal to those at which the yield strength is

NOMINAL STRESS

s

S

ELONGATION (%)

REDUCTION OF

130

TENSILE
STRENGTH

HOp—

90 f—

(KS1)

2% YIELD
STRENGTH

50—

2 50—
ob— 1 1
2k /\j&
-
ob— 1 [ [ 1 |
0] - ff
20|—
1of—
[ I U O I B
0l ./\'___4
gso—— A -
I [ |

50

{Mod.)

1
-

A353

HY-80
A302-B
A350-LF3 |—
A212-B
A350~LF1

SOLID SYMBOLS: NICKEL STEELS
OPEN SYMBOLS: LOW NICKEL STEELS

Fig.13 - The conventional tensile
properties of the seven steels in
the unirradiated condition

measured. This corresponds in a structure to a change in ductility before collapse
from 10 to 15% elongation to a value of about 0.1 to 0.2%

*Fast neutron fluence values given inthis report are based on the assumption of a fission

spectrum distribution of neutrons



14 KLIER, HAWTHORNE, AND STEELE
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Fig. 14 - Comparative nominal stress-reduction
of area curves for A212-B steel after indicated
neutron radiation exposures at <250°F

The reduction in uniform elongation or general deformation in a structure, however,
may not be associated with a severe lowering of the reduction of area, which is the local
strain in the vicinity of the fracture, as is illustrated in Figs. 14, 15, and 16. For each
of these steels, the uniform elongation after a fast neutron fluence of 9.5 x 10!° n/cm? is
of the order of 0.2% but the reduction of area is measured at over 40%, which compares
favorably with the maximum observed value of about 65%.

For certain of the quench and temper steels, notably those containing medium and
high nickel contents, a fast neutron fluence of 9.5 X 10!® n/cm- leads not only to reduced
uniform elongation but also to a loss of ductility as registered by the reduction of area.
Thus for the four steels yielding the nominal strength-reduction of area curves in Figs.
17 through 20, the reduction of area after exposure to a neutron fluence of 9.5 x 101
n/cm? falls in the interval of 10 to 20%. The average value of 15% is only one-quarter
the value registered for the unirradiated steels.

The conventional tensile properties of the steels are summarized in Figs. 21 and 22,
where the numerical magnitudes of the tensile properties are plotted, and in Fig. 23,
where the percentage variations in these quantities are presented. The tensile and yield
strengths increase with increased exposure at numerical rates that are uniform for the
various steels regardless of composition or strength level. The reductions of area for
the nickel-bearing steels, however, are clearly much reduced compared to those for the
low-nickel steels.

The manner in which the tensile properties of the various steels changes with neu-
tron fluence level is better shown by plotting the respective numerical values against
fluence level with material as the parameter (Figs. 24 and 25). At an exposure level of
101 n/cm?, the yield and tensile strengths are nearly equal, while at greater exposures
the tensile strength is measured at the yield strength strain. At exposure levels less
than 10!° n/cm?* the tensile and yield strengths diverge to become equal to the charac-
teristic values measured for the unirradiated steel conditions.
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Fig. 15 - Comparative nominal stress-reduction
of area curves for A302-B steel after indicated
neutron radiation exposures at <250°F
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Fig. 16 - Comparative nominal stress-reduction
of area curves for T-1 steel after indicated neu-
tron radiation exposures at <250°F
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Fig. 17 - Comparative nominal stress-reduction of
area curves for A350-LF1 steel after indicated neu-
tron radiation exposures at <250°F
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Fig.18 - Comparative nominal stress-reduction of
area curves for A350-LF3 steel after indicated
neutron radiation exposures at <250°F
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Fig. 19 - Comparative nominal stress-reduction of
area curves for HY-80 steel after indicated neutron
radiation exposures at <250°F
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Fig. 21 - The tensile and yield strengths
for the seven steels after neutron radia-
tion at < 250°F to the fluence levels
indicated '
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Fig. 24 - The yield strengths of the seven steels
as a function of neutron fluence at <250°F
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Fig. 25 - The tensile strengths of the seven steels
as modified by neutron exposure at <250°F
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The conventional indexes of ductility measured in the tension test are percent reduc-
tion of area and percent elongation. These values taken for the present series of steels
are summarized in Figs. 26 and 27. Preliminary inspection of these two sets of data,
both of which generate transition type curves, suggest a significant disparity in level of
fluence at which the ductility transitions occur.

The reduction of area curves, which are usually considered to provide the more
meaningful index of ductility, show ductile-brittle transitions that depend on the nickel
content of the steels, but for all steels this ductility transition occurs at exposure levels
in excess of 5 X 1012 n/cm? (Fig. 26). The indicated transition as measured by elonga-
tion, on the other hand, is well developed at a neutron fluence level of 1.0 x 101¢ n/cm?2
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Fig. 26 - The reduction of area of the seven steels
as a function of neutron fluence at < 250°F
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Fig. 27 - The elongations of the seven steels as a
function of neutron fluence at <250°F
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(Fig. 27). This is potentially a 500% life prediction differential, and this difference must
eventually be evaluated as to its meaning with reference to service performance. The
mechanical factors which produce this behavior, however, are straightforward and relate
to the instability strains that are measured as function of neutron exposure. These in-
stability strains, as measured both with reference to the maximum load strain deter-
mined from the autographic stress-strain curves and with reference to the deformation
away from the necked section in the tension specimen, are presented in Fig. 28. From
these curves ductile-brittle transitions as determined from gross deformation capabili-
ties of a structure are completed for the more radiation-sensitive materials at exposure
levels of about 10'° n/cm? and for the less sensitive materials by exposure levels of

5 X 1019 n/cm?2. The instability strain data, then, correlate with the percent elongation
data. These data, in turn, correlate directly with the deformation to failure capabilities
of the structure. Thus, for neutron exposure levels in excess of 1 to 5 X 1019 n/cm? at
less than 250°F, the deformation energy required to break a structure constructed of
martensitic steels can be expected to be much less than that normally observed for steels
with either high or low ductility as determined by reduction of area.

30 : ‘ l

A350-LF| (MODIFIED)

MAXIMUM LOAD STRAIN (8y.)

7 10'® 10"° 0

NEUTRON FLUENCE (n/cm?2 >|Mev)

Fig. 28 - The maximum load strains of the steels
as a function of neutron fluence at <250°F

Tensile Specimen Fractures

All tensile specimens for the unirradiated and low level irradiation conditions failed
with the conventional cup-cone type fracture surfaces. For the specimens exposed to
neutron fluences approximating 9.5 x 10!° n/cm? those in the low nickel category devel-
oped percent reduction of areas of about 40%, which is sufficient to require the develop-
ment of a pronounced necked-down section. Such specimens tended to develop cup-cone
fractures (Fig. 29). The cup segments of these fractures, however, usually were not well
formed and frequently showed 45-degree tears. These 45-degree-tear fractures were
also suggested in the flat fractures which formed the top elements of the conical portions
of the fractures.
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(a) A2i2-B (b)A302-B (c) T-1

Fig. 29 - High ductility tensile fractures for the indicated
steels after neutron exposure of 9 x10'? n/cm? at <250°F

The low ductility fractures obtained for certain of the specimens at the exposure
level of 9.5 X 101° n/cm? were frequently flat and brittle appearing as in Fig. 30a. These
specimens also formed low ductility cup-cone type fractures as given in Fig. 30b and look
much like the low ductility fractures obtained for hydrogen embrittled high strength steels.
The absence of large ductility for these fractures is indicated by the two fracture orien-

tations presented in Fig. 30c.

P —

(a)A350-LF3 (b) HY-80 and A353 (cYA353

Fig. 30 - Low ductility tensile fractures for the
indicated steels after a neutron exposure of
9x10! n/cm? at <250°F
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DISCUSSION OF RESULTS

The conventional stress-strain relations for the steels have been treated at length in
presentation, and it is evident that the conventional numerical data frequently do not ade-
quately establish the behavior to be expected in structural applications when the steel is
exposed in service to neutron radiation. This is particularly true of the ductility to be
expected at ambient temperatures when this is reported as percent reduction of area and
percent elongation as conventionally measured. By these two criteria all steels studied
possess significant ductility for neutron exposures in excess of 10'° n/cm?; but for the
indexes of instability strain, appreciable general ductility at these fluence levels for low
exposure temperatures is not to be expected.

Supporting data for this deduction from applications in combined stress environments
are the tube test results reported by Trozera and Flynn (6) and the numerous fracture
test results that are reported in the literature (11,16-21). However, the fracture tough-
ness data are not amenable to the quantitative correlation with tensile data that is possi-
ble with the tube tests, where the correlation, while not exact, is deemed adequate. How-
ever, on the basis of energy to cause fracture as determined by gross deformation, the
tensile and tube tests are in excellent qualitative agreement. These tests suggest that
after a neutron irradiation exposure sufficient to lower the uniform strain to about the
yield strength strain the relative energy absorbed in fracturing a structure rapidly drops
as the size of the structure increases regardless of the local strain at the fracture sur-
face. This behavior corresponds to the generally recognized fall-off in percent elonga-
tion measurements as the gage length of a tensile specimen is allowed to increase. For
the irradiated steels the strain value that is approached in the structure at collapse is
the yield strength strain. However, as was first shown by Ludwik (22) this instability
strain must be suitably converted first into generalized strain. Adequate approximations
of such generalized strain are provided by the logarithmic or natural strains when the
plastic strain contribution is large compared to the elastic strain and when isotropy in
the deforming material is assumed. However, both of these factors deviate from ideal
behavior, and these deviations are known to lead to large percentage errors under certain
conditions of application of the conversion procedure. In addition these errors are im-
portant despite the possibly small total strain value that one obtains in radiation-damaged
steels. Of the two sources of error the assumed isotropy factor is the more difficult to
evaluate, and it can lead to a larger error than that due to uncompensated elastic strain.
In addition, at the very low instability strains that may characterize radiation-damaged
steels, both factors are additive and should be compensated if the disagreement between
measured and predicted instability strain is to be minimized.

The instability strain data reported in this report are not compensated for these two
sources of error, as there is no generally accepted procedure to effect this adjustment.
This, however, should cause no serious difficulty in the use of the data, which are pre-
sented in sufficiently expanded form to allow adjustments for these two factors as may
be deemed prudent.

The plastic yielding conditions for a cylindrical tension specimen with circumferen-
tial fatigue crack have been described by Hill (23) who gives the value of the notch
strength (o) for this specimen in terms of the yield strength as

2.57
k)

oy = 2.57K = log = I.vl.84crys

ys

The values of oy obtained in this manner provide the means to calculate the fracture
toughness index #,,. However, this calculation of K, , requires an assumed plastic zone
size at the notch base which is difficult to establish for steels in the strength range under
study. The values of o, for the different steels as calculated are presented in Fig. 31.
Experimental data are not available at this time to allow further discussion of these notch
strength trends.
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Fig. 31 - The notch strength for a cylindrical specimen with a
circumferential fatigue crack as calculated for o, = 2.57K

It has already been stated that the nominal stress-strain properties of a steel must
be stated in generalized stress-strain coordinates to be applicable in systems of multi-
axial stresses such as the stress system in a reactor pressure vessel. In addition, it has
been indicated that the true stress-natural strain representation is a suitable generalized
coordinate system for this purpose. The natural strain coordinate is nearly linearly re-
lated to the percent reduction of area at low strains, but at the maximum strains at-
tained in the tension test this linearity ceases to exist. The true stress and nominal
stress values are nearly equal near the yield strength strain but diverge with increasing
strain to differ by 10 to 15% at maximum load strain. At still greater strains the two
stress representations deviate sharply, with the true stress progressively increasing
and the nominal stress progressively decreasing.

The stress-strain data converted to the true stress-natural strain coordinate sys-
tem, however, are still nominally presented in graphical form, and it is desirable to ex-
press these data in an adequate yet simple analytical form. This can be done by suitable
use of a power series expression employed initially by Ludwik (22) and more recently by
Hollomon (24) and Low (25).

The analytical expression in its more simple form as proposed by Holloman is
o= o,8"

where ¢ is the true stress, o, is the strength coefficient (- at s = 1), 5 is the natural
strain, and » is the strain hardening exponent. In this form the steel is treated as de-
forming plastically with initial load application, and the curve developed from the equa-
tion is initiated at the stress-strain coordinate origin. The natural strain at maximum
load equals the strain hardening exponent, 3,, = n. For steels with yield strengths at
about 50% of the tensile strength, the calculated curve obtained with this expression
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approximates well the stress-strain curve measured when the latter is plotted in true
stress-natural strain coordinates. For low strength steels, therefore, simple application
of the above expression after specification of the yield strength and fracture strain al-
lows the stress-strain curve either in conventional or true stress-natural strain coordi-
nates to be faithfully plotted. However, as the yield strength increases relative to the
tensile strength, the yield strength contribution to the stress-strain curve can no longer
be ignored but must be superimposed on the work hardening curve that may be consid-
ered as characteristic for the steel. This portion of the stress-strain curve again is
established by a power series expression such as that given above but for which the
numerical value of », the strain hardening exponent, is very small. Therefore, as the
yield strength steadily increases to exceed the conventional tensile strength, the insta-
bility strain, which corresponds to the maximum load strain, may discontinuously change
to a value reduced by one to two orders of magnitude. This change is established by the
condition

n(Y. S.) (7. 8.)
c > o
99, (Y. 8.° “o(T. 8.0

For convenience the following notation will be used:

Yo v. 8.y T Y

Uo,(T. 8.9 = 9.2
ny g, = M
tr.§ T Ry

For the radiation-damaged steels the flow stress at low strains may maximize sen-
sibly at the strain value corresponding to »,. If the steel does not break at this point,
the stress does not fall abruptly as would be expected, but rather the drop-off in the flow
stress is reduced and corresponds to the condition specified by the parameters (¢, ,; n,).
For this reason the flow curve to maximum load corresponds to the value predicted from

O

o=o, 8 (to maximum load) (1)

but the flow curve at large continuing strains corresponds to the value predicted from

=0, 2.:"2 (large strains to fracture) (2)
At the conventional strain rates employed in tension testing the flow curve between the
strains corresponding to », and », is not well defined but depends on the strain rate.
However, the curve is reasonably approximated by a straight line tangent to the two cal-
culated curves that are developed in conventional nominal stress-strain coordinates
through use of the two characteristic equations. In this way, again, the conventional
stress-strain curves can be well approximated from the analytical expressions. The
appropriate numerical equations for each set of curves are entered on the true stress-
natural strain figures that are contained in the Appendix.

SUMMARY

The conventional tensile properties for selected irradiated conditions of seven steels
of interest for possible use as constructional materials for reactor containment vessels
have been determined at an ambient temperature of 75°F. In addition, the load-elongation
curves to a nominal 1% elongation and the load-diameter curves from about 1% reduction
of area to fracture have been recorded. Limited hardness, metallographic, and fracto-
graphic data have also been presented. The following points are emphasized.
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1. The steels studied are ferritic steels but are further subdivided into pearlitic,
bainitic, and martensitic classes; representative microstructures of each steel are given
(Figs. 2, 3, 5, and 6). Three of the steels are low nickel steels, and four are medium to
high nickel steels.

2. Tensile data for the A212-B and A302-B steel for the three principal plate direc-
tions are presented (Figs. 8 and 9).

3. Complete reference stress-strain data for each steel in the unirradiated condi-
tion are presented (Figs. 11 and 12). The tensile strengths for the low nickel series and
the nickel series of steels extend from about 60 ksi to 120 ksi; other tensile properties
are typical for the respective classes of steel.

4. With exposure to neutron assumed to have a fission spectrum distribution, all
steels were found to suffer properties modification. The changes in stress-strain curves
are presented in detail (Figs. 14 through 20).

5. Selected fractures are described by fractographs (Figs. 29 and 30), which show
that certain of the steels possess high reduction of area at the highest fluence levels
studied while certain of the steels suffer brittle fracture under a like neutron exposure.

6. The analytic expressions for the true stress-natural strain curves for all irra-
diated conditions are presented (Egs. (1) and (2)).

7. All numerical determinations and summaries of graphical data are presented in
the Appendix.

Investigations of stress-strain responses of irradiated structural steels are continu-
ing and will explore material performances at elevated temperatures and after neutron
exposure at elevated (reactor service) temperatures. Experimental observations will be
given in future summary reports.
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APPENDIX

SUMMARY TABLES AND PLOTS OF DATA ENVELOPES

Following in this appendix are fourteen tables summarizing the tensile data for the
seven steels evaluated, and 22 plots of data envelopes of stress versus natural strain for
the steels under the various irradiation conditions. Each table summarizes the results
for a specific lot of the steel designated, the compositions of the lots being given in

Table 1 (except for the lot of Table Al1).
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4-IN. A2{2-B PLATE

200
CHEMISTRY
€ 026 P 0O} Cr 020
180— Mn 0.76 S 0.031 Mo 002

Si 024 Ni 022

HEAT TREATMENT
160 AUSTENITIZED 1650°F~ 2 HOURS, W.Q;
TEMPERED 1175°F— 4 HOURS, F.C. TO 600°F
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o

10012

80

60

/71 TRUE STRESS

NATURAL STRAIN (3)

Fig. A3 - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for one set of wunirradiated
specimens of A212-B steel plate

40 (o) UNIRRADIATED
(b) 23 x 10%n/em® (>1 Mev)

201 (¢) 9x10°n/em?

o ! ] | ! | | |

0 ol 02 03 04 05 068 07 08

NATURAL STRAIN (3)
Fig. Al - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for AZ212-B steel plate for
indicated radiation exposures at
< 250°F
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NATURAL STRAIN- &

Fig. A2 - True stress-natural strain
data envelopesfor A212-B steelplate
in In~In coordinates. The analytic
expression for each curve segment
is given for true stress in ksi.
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Fig. A4 - True stress-natural strain
data envelope for one set of unirra-
diated specimens of A212-B steel
plate inln-ln coordinates:
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2001 6-IN, A302-B PLATE
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Fig. A5 - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for A302-B steel plate for
indicated radiation exposures at
<250°F
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180 C 020 P 00i2 cr 0I7

Mn .31 S 0023 Mo 047
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NATURAL STRAIN (8 )

Fig. A7 - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for a second lot of unirradiated
specimens of A302-B steel plate
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Fig. A6 - True stress-natural strain
dataenvelopes for A302-B steelplate
in In-1In coordinates. The analytic
expression for each curve segment
is given for true stress in ksi.
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Fig. A8 - True stress-natural strain
data envelope for a second lot of un-
irradiated specimens of A302-B steel
plate in In-In coordinates
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NATURAL STRAIN (8) NATURAL STRAIN- 3
Fig. A9 - True stress-natural strain Fig. Al0 - True stress-natural strain
and nominal stress-natural strain data envelopes for athird lotof spec-
maximum and minimum data enve- imens of A302-B steel plate inln-In
lopes for a third lot of specimens of coordinates. The indicated radiation
A302-B steel plate. The indicated exposure was at <250°F. The ana-
radiation exposure was at < 250°F. lytic expression for each curve seg-
ment is given for true stress in ksi.
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19 2 W90 - o= 1708
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19 2 C 0I3 p 0013 cr 067 - o = 1848
6o (c) 9x107n/em Mn 085 S 00I3 Mo 040 r
Si 024 Ni 064 V 006 70
HEAT TREATMENT 60—
40— AUSTENITIZED 1700°F — 2HOURS, W.Q; -
TEMPERED 1150°F— 2 HOURS, sol HEAT TREATMENT
RETEMPERED 165°F—2 HOURS, A.C. L AUSTENITIZED 1700°F -2 HOURS; W.Q.;
20~ TEMPERED 1150°F - 2 HOURS;
40 | RE-TEMPERED 1165°F-2 HOURS; A, C.
o | | | L L |
0 ol 02 03 04 05 06 07 08 02 03 0405 ol 062 03 0405 08 [0

NATURAL STRAIN (8)

Fig. All - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for T-1 steel plate for indi-
cated radiation exposuresat <250°F

NATURAL STRAIN-3

Fig. Al2 - True stress-naturalstrain
data envelopes for T-1 steel plate in
In-1n coordinates. The analytic ex-
pression for each curve segment is
given for true stress in ksi.
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180~ G, Q5 £ oo o 005 v 004 400 .
n 0] ! Mo O L 32-IN. A350-LFI (MODIFIED) PLAT o)
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Fig. Al3 - True stress-naturalstrain Fig. Al4 - True stress-natural strain
and nominal stress-natural strain data envelopes for A350-LF1 (modi-
maximum and minimum data enve- fied) steelplate in [n-In coordinates.
lopes for A350-LF1 (Modified) plate The analytic expression for each
for indicated radiation exposures at curve segmentis given for true stress
>250°F in ksi.
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Fig. Al15 - True stress-naturalstrain Fig. Al6 - True stress-natural strain
and nominal stress-natural strain data envelopes for A350-LF1 (Modi-
maximum and minimum data enve- fied) steel ring forging inin-In co-
lopes for unirradiated A350-LF1 ordinates. The analytic expression
(Modified) steel ring forging for each curve segment is given for

true stress in ksi.
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Fig. Al7 - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for A350-LF3 steel ring forg-
ing for indicated radiation exposures
at <250°F
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Fig. A19 - True stress-natural strain
and nominal stress-natural strain
maximum and minimum data enve-
lopes for HY -80 steel plate for indi-
cated radiation exposures at <250°F
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Fig. Al8 - True stress-natural
strain data envelopes for A350-LF3
steel ring forging in/ln-[{n coordi-
nates. The analytic expression for
each curve segment is given for
true stress in ksi.
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Fig. A20 - True stress-natural strain
data envelopes for HY -80 steel plate
inln~In coordinates. The analytic
expression for each curve segment
is given for true stress in ksi.
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