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ABSTRACT

Eight steel materials supplied by the Federal Republic of Germany,
France and Japan to the International Atomic Energy Agency (IAEA) Program on
"Analysis of the Behavior of Advanced React%f Pressure Vessel Steels Under
Neutron Irradiation" were irradiated at 288 C for assessments of1§elati¥e
notch ductility and dynamic fracture toughness change with 2 x 10 n/cm”,
E 21 MeV. Notch ductility and fracture toughness were determined, respec-
tively, by Charpy-V and fatigue precracked Charpy-V test methods. An A533-B
steel plate (HSST 03) produced in the USA was included in the jirradiation test
series for reference.

The materials (plate, weld, forging) were found to be generally more
resistant to radiation-induced embrittlement than the reference material.
Observed dissimilarities in radiation sensitivity are attributed to copper
content differences between the eight materials (0.01 to 0.07 percent copper
range) and the reference plate (0.12 percent copper). Radiation resistances,
however, correspond well with the trend of radiation resistance reported for
USA-produced steels and welds having similar copper and phosphorus contents.

A general correlation of transition temperature elevations measured
independently by the Charpy-V and the precracked Charpy-V test methods was
Oobserved.
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PREFACE

The intent of this study was to increase knowledge on the metallurgical
requirements for radiation resistant steels and, concurrently, to assess the
adequacy of new specifications by the American Society for Testing and
Materials and the American Welding Society for producing radiation resistant
steels and welds overseas. Specific goals were to determine and compare the
irradiation performance of low copper content plates, forgings, and welds
produced by the Federal Republic of Germany, France, and Japan against the
performance of USA-improved steel production. Results of the study are of
significant value to applications of NRC Regulatory Guide 1.99 to foreign steels
now used or contemplated for USA reactor vessels.
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EVALUATION O% IAEA COORDINATED PROGRAM STEELS AND WELDS
FOR 288 °C RADIATION EMBRITTLEMENT RESISTANCE

INTRODUCTION

The International Working Group on Reliability of Reactor Pressure Components
(IWG-RRPC), sponsored by the International Atomic Energy Agency (IAEA), is
embarked on a coordinated study of the radiation embrittlement behavior of pressure
vessel steels {ll. One primary goal is to assess the radiation behavior of imprc 4
steels produced in various countries. The intent is to demonstrate that: (a) a ca 1l
specification of reactor steels can eliminate the problem of potential steel faiiurc

to neutron irradiation effects, and (b) knowledge has advanced to the point where -
manufacture and welding technology can routinely produce steel vessels of

‘ radiation resistance. The IWG-RRPC study currently encompasses plates, forgings and
i welds produced by the Federal Republic of Germany (FRG), France and Japan and
b includes a reference steel plate produced in the United States.

The Naval Research Laboratory (NRL), with the support of the U. S. Nuclear
Regulatory Commission (NRC), joined the IWG-RRPC effort at its conception
(October 1977) in the interest of furthering knowledge on the metallurgical require-

4 ments for radiation resistant steels. Current technology for improved steels stems
largely from earlier NRL research [2-5]. Specific NRL-NRC interests include the
determination of irradiation characteristics of overseas steel production, the relative

radiation resistance of USA versus non-USA steel production, and, the correlation of
Charpy-V notch ductility and fracture toughness property changes produced by
irradiation. Anticipated results were expected to be of significant value to the NRC

Regulatory Guide 1.99 [6] for application to foreign steels in USA vessels and to con-

struetion codes.
,' APPROACH

Determinations of radiation resistance reported here center on preirradiation

versus postirradiation notch ductility and dynamic fracture toughness assessments.
; Notch ductility tests employed the standard ASTM Charpy-V (CV) specimen, Type A
{7]. Fracture toughness (K J) tests employed a fatigue precracked Charpy-V (PCCV)
specimen and J-integral assessment procedures. Ky values were based on energy
absorbed to maximum load corrected for specimen and test machine compliance. The

ZabiRd. o nind B

e

PR PP NPT WP P




test procedure, developed by the Electric Power Research Institute (EPRI), is
described in Ref. 8. It will be noted that J-integral values based on maximum load
imply an absence of stable (rising load) crack extension; thus, the reported values for
upper shelf temperatures may overestimate the KJ at crack initiation for the

relatively high toughness materials investigated.

Material irradiations were conducted in the State University of New York at
Buffalo 2MW pool reactor (UBR) at 288°C, comparable to reactor vessel operating
temperatures. Typically, the Cv and PCCV specimens of an individual material were
commingled in the irradiation asssembly to provide an exact match of neutron fluence

and exposure temperature histories.
MATERIALS

Nine materials produced commercially were evaluated with irradiation. The
materials are identified by their source, composition and heat treatment condition in
Table 1. Table 2 indicates the orientation and location of the specimens in the source
material. Preirradiation tensile properties as determined by NRL are listed in Table 3.

Fatigue precracking of the PCCV specimens was accomplished prior to irradia-
tion. The nominal crack length to specimen width ratio, a/W, was 0.5. The maximum
stress intensity, Kf, for the last 0.76 mm (0.030 in.) of fatigue crack growth was equal
to or less than 22 MPa v'm (20 ksi/in.).

IRRADIATION EXPERIMENTS

The large number of test materials necessitated the use of four irradiation
assemblies. Contents of individual assemblies and neutron fluences received are
indicated in Table 4. Fluences were determined from iron wire neutron dosimeters
placed within each array of specimens. Neutron spectrum conditions for irradiation
locations within the fuel lattice of the UBR reactor have been calculated for NRL by
the Hanford Engineering Development Laboratory (HEDL) {s]. For the specific in-

(DCS

core positions used, the calculated spectrum fluence ($~) and the fluence based on an

assumed fission speetrum (@fs) have the relation:
0% = 1.22 615 (E >1.0 MeV) M

Also, the HEDL calculations show that the calculated spectrum fluence for neutron
energies greater than 1.0 MeV and the calculated spectrum fluence for neutron

energies greater than 0.1 MeV have the relation:
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Table 2. Specimen Location/Orientation in Test Materials

Specimen Locations Specimen Orientation
Material Code (Thickness Direction) (Long Dimension)
A533-B Plate 3MU, 3NE 3/4T (4 layers)? Transverse to Rolling
(HSST 03) Direction (TL)
Japan A533-B JP 107 1/4T (4 layers) Transverse
Plate
Japan A508-3 JF 212, 213 1/4T (4 layers) Transverse
Forging
1 ;
7 Japan S/A JW 502, 503 Through Weld Thickness Perpendicular to Welding ;
E | Weld (Major Groove-6 layers) Direction
Japan A533-B LG (JW-BP)  1/4T, 3/4T Transverse
Plate (2 layers each)
France A533-B FP 1/4T (4 layers) Transverse
Plate
France A508-3 FF 1/4T (3 layers) Transverse
' Forging
France S/A FW Through Weld Thickness Perpendicular to Welding
Weld (Major Groove-6 layers) Direction
FRG S/A GW 1/4T (2 layers) Perpendicular to Welding
Weld Direction

4Four layers spanning the quarter thickness plane
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Table 4, Test Material Irradiations

Experiment a
NRL Experiment No. Compartment No. Material Codes Fluence
UBR-23 1 3 MU 2.1
2 JW 502 2.3
3 JF 212 2.0
LG(JW-BP) 1.9
UBR-24 1 JP 107 2.3
2 JF 212 2.5
UBR-29 1 FF 2.0
) 2 FW 2.5
! 3 FP 2.1
3 MU 2.1
UBR-30 3 oW ~l.9°

3 6°8 (4 101? n/em?, E > 1 MeV)

Preliminary estimate




¢ % (E >0.1 MeV) = 2.91 6% (E> 10 MeV) (2)
RESULTS

The Cv notch ductility determinations for the materials produced overseas are
presented in Figs. 1 through 8. Plate code LG (Fig. 4) was the base plate material used
for weld code JW. Cv results for the USA-produced reference plate (A533-B steel,
HSST Plate 03) are illustrated in Fig. 9. Fracture toughness KJ determinations for the
materials are presented in Figs. 10 through 18. The results from both test methods are
summarized for comparison in Tables 5 und 6. The choice of the Cv 41J (30 ft-1b) and
the Kj 100 MPavm (90 ksivin.) temperatures to index transition temperature was
arbitrary. We note that the Cv 41J temperature is also used as a convenient index by
the NRC Regulatory Guide 1.99 and the Code of Federal Regulations (10 CFR 50) [10]
for radiation effects projections and transition temperature comparisons.

The following observations were made from the data:

Materials Provided by Japan (Figs. 1-4 and 10-13)

1. The Cv 41d, CV 68J and KJ 100 MPa’m temperatures of the materials are
considerably lower than those of the reference plate (Figs. 9, 18) for the
unirradiated condition and for the irradiated condition. The transition tempera-
ture elevations by irradiation are also smaller than those for the reference plate.
Of the former, the forging showed the greatest transition temperature elevation

with neutron exposure.

2. The Cv 41J and KJ 100 MPavm transition temperature elevations by irradiation
are in good general agreement.

3.  The upper shelf energy levels of the materials before and after irradiation are

high ( >135 J, >275 MPa’ m). For the most part, CV upper shelf reductions were
less than 14J. The largest reductions were exhibiter by the two plates; however,
their preirradiation upper shelf levels were also significantly higher than those of

the remaining materials.

Materials Provided by France (Figs. 5-7 and 14-16)

» . Preirradiation and postirradiation C,, 41J, C_, 68J and K 100 MPa’m tempera-
tures are lower than those of the reference plate with one exception. For the
forging, the 41J temperature is about equal to that of the reference plate. In
contrast, the 100 MPam temperature of the forging is lower than that of the

reference plate.
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Table 6. Preirradiation and Postirradiation
Dynamic Fracture Toughness (K.) Properties
(PCCV Test Method)

Material Fluence® K4 100 MPa /a (°c) Upper Shelf (MPa /E)b
Codes ( ¢ °%) Initial Irrad. Change Initial Irrad. Change

HSST 03 2.1 33 77 44 265 260 ~v 0

JP 107 2.3 -1 16 17 335 335 "o

JF 212 2.5 2 35 33 355 325 "o

JW 502 2.3 -17 16 33 320 320 ]
LG(JW-BP) 1.9 -1 16 17 335 325 ~0

FP 2.1 13 32 19 315 320 "o

FF 2.0 4 10 6 315 285 <30

FW 2.5 -34 -3 31 s 330 vod

(Layers 1-3)

FW 2.5 -34 11 45 315 325 ]
(Layers 4-6)

oW 1.9¢ -34 2 36 330 295 35
a1019 n/cmz, E>1 MeV CPreliminary estimate

Lowest value of upper shelf test data dEstimated
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Fig. 1. Charpy-V notch ductility of the A533-B Class 1 steel plate, Code JP 107,
supplied by Japan. In this Figure and in Figs. 2 through 9, the upper graph re}ates
specimen lateral expansion and temperature while the lower graph relates specimen

energy absorption and temperature. 10
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2. Transition temperature elevations by irradiations were much smaller than those
for the reference plate with the exception of one portion of the weld.

3. Weld code FW data describe two levels of radiation resistance depending on the
original specimen location in the weld. Specimens taken from thickness layers I
to 3 indicate a higher radiation resistance than specimens taken from layers 4 to
6 in terms of 41J temperature elevation and upper shelf level. A data separation,
though less pronounced, is also evident in the K g results. The observations in
turn suggest that two, not one, weld wire compositions were used for filling the

major groove of the weld from whence the specimens were taken.

4. Each of the materials exhibited a high upper shelf energy level after irradiation;
an upper shelf reduction was observed for the weld only.

Material provided by FRG (Figs. 8 and 17)

L Preirradiation and postirradiation Cv 414, Cv 68J and KJ 100 MPa¥ m tempera-
tures are significantly lower than those for the reference plate.

2. A relatively large reduction in upper shelf energy was found in postirradiation CV
testing; a small reduction in upper shelf toughness was observed in postirradia-
tion PCCv tests.

Figure 19 compares the preirradiation and postirradiation transition temperatures
and transition temperature elevations of all nine materials. Material-to-material
differences are noted; however, the material properties in general appear to be better
than those of the USA 305 mm thick reference plate. The trend can be attributed to
processing differences in combination with material thickness differences and to

material dissimilarities in copper and phosphorus contents.

Transition Teraperature Elevation versus Test Method

Figures 20 and 21 compare the measured Cv transition temperature elevations
with the KJ 100 MPa v/m transition temperatures measured by the PCCv method. On
balance, agreement within 15°C is observed suggesting a possible correlation which
will be of benefit to reactor vessel surveillance programs. An exception to the trend
is found in one data set for material code FW (layers 1-3). An explanation for the
inconsistency cannot be tendered at this time. A more stringent test of the
correlation would have required a greater number of irradiation specimens than those
available.

Other Cv versus PCCV postirradiation test comparisons are underway at NRL for
NRC and EPRI sponsors [11,12] .
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DISCUSSION

The postirradiation determinations for the IWG-RRPC program materials by
NRL have revealed high radiation resistance qualities and confirm the projected
benefits of specifying low copper and low phosphorus impurity contents in reactor
vessel steels. The findings compare well with prior determinations for USA-produced
steels having similarly low impurity levels. The performance of steels from the
present study and the trend performance of improved steels and welds representing
USA-production [13] is illustrated in Fig. 22.

The key factor for improved radiation resistance at 288°C appears to be the
minimization of copper content to low (£0.10%Cu maximum) levels. Current ASTM
and AWS specifications for nuclear grade steels specify maximum allowable copper
contents of 0.10% and 0.08%, respectively. A possible interaction of nickel content
with copper content in radiation sensitivity development has also been suggested.
Nickel contents up to 1%Ni do not appear to influence radiation embrittlement
sensitivity if copper content is low; however, certain data comparisons suggest that
nickel can intensify the detrimental effect of a high copper content. Recent tests
with laboratory melts of steel having statistical nickel and copper content variations

have tentatively confirmed this suspect synergism {14].
FUTURE RESEARCH DIRECTIONS

Radiation resistance assessments using larger fracture toughness specimens, such

as the 25.4 mm thick compact tension specimen, would be valuable for confirmation of
the trends reported here. The exposure of the materials to higher neutron fluences
would also be beneficial and would permit additional comparisons with the USA-
improved production steels. Future expansion of the IWG-RRPC program to include
fatigue crack growth resistance tests of irradiated material in high temperature
(288°C) water environments may also warrant consideration pending the outcome of

tests now underway in the USA [15].
CONCLUSIONS

The intent of the IWG-RRPC effort was to demonstrate that through careful
specification and within current technology, reactor steels and welds can be produced
routinely with high preirradiation fracture resistance qualities and with high radiation
embrittlement resistance at vessel service temperatures. The results of the present
investigation provide a positive response to both questions. In addition, the

observations show good agreement between non-USA and USA-improved production
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materials in radiation resistance capabilities. The A533-B reference plate (HSST 03)
by virtue of its 0.12%Cu content is not considered fully representative of current
improved production material, and barely meets ASTM supplemental specifications on
check analysis for reactor beltline material. Pending the outcome of the full IWG-
RRPC program, it is tentatively concluded that the low copper, low phosphorus
content steels and welds produced overseas can be evaluated within the same
framework as USA-produced steels in the NRC Regulatory Guide 1.99.

A tentative correlation of Cv 41J and KJ 100 MPa*m transition temperature
elevations by irradiation was also established.
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