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FRACTURE TOUGHNESS OF IRRADIATED CANDIDATE MATERIALS FOR ITER FIRST
WALL/BLANKET STRUCTURES: SUMMARY REPORT

D.J. Alexander, J. E. Pawel, M. L. Grossbeck, and A. F. Rowcliffe, Oak Ridge National Laboratory, Oak Ridge,
TN 37831-6151, and K. Shiba, Japan Atomic Energy Research Institute, Tokai-Mura, Japan

OBJECTIVE

The purpose of this work was to determine the effect of irradiation at low temperatures (less than 300°C) and to
damage levels of about 3 dpa on the mechanical properties, in particular the fracture toughness, of candidate
materials for ITER first wall/blanket structures.

SUMMARY

Disk compact specimens of candidate materials for first wall/blanket structures in ITER have been irradiated to
damage levels of about 3 dpa at nominal irradiation temperatures of either 90 or 250°C. These specimens have
been tested over a temperature range from 20 to 250°C to determine J-integral values and tearing moduli. The
results show that irradiation at these temperatures reduces the fracture toughness of austenitic stainless steels, but
the toughness remains quite high. The toughness decreases as the test temperature increases. Irradiation at 250°C
is more damaging than at 90°C, causing larger decreases in the fracture toughness. The ferritic-martensitic steels
HT-9 and F82H show significantly greater reductions in fracture toughness than the austenitic stainless steels.

PROGRESS AND STATUS
Introduction

The fracture toughnesses of candidate materials for first wall/blanket structure applications in the International
Thermonuclear Experimental Reactor (ITER) have been evaluated at Oak Ridge National Laboratory (ORNL).
A variety of austenitic stainless steels have been examined, as well as several additional materials. Specimens were
fabricated from material in several different conditions, including annealed or cold worked, as well as weldments.
These specimens have been irradiated in the High Flux Isotope Reactor (HFIR) at ORNL. Three capsules were
designed, fabricated, and irradiated to dose levels of approximately 3 dpa; this approaches the expected
accumulated dose at the end of the Basic Performance Phase of operation of ITER. The helium concentration
generated as a result of transmutation of nickel was about 50 appm; this is in the range expected for the ITER first
wall blanket and shield structure after a neutron exposure of about 3 dpa. These capsules were designed
for irradiation temperatures of either 60 to 125°C (capsules HFIR-JP-18 and -19) or 250 to 300°C
(HFIR-JP-17) [1-3]. These temperatures covered the expected range of operating temperatures for stainless steel
components in different ITER designs. Some of the results of earlier testing have already been reported [4-6]. This
report presents the final results for all of the fracture toughness tests, using the best available tensile data for these
final analyses.

Experimental Procedure

Four major alloy types were included in this experiment: American and Japanese type 316 steels (designated
US316 and J316, respectively), a European type 316L steel (EC316L), and the JPCA alloy. The compositions of
the alloys are given in Table 1. Specimens were in solution annealed (SA), cold-worked (CW), or welded
conditions. The J316 material was also tested after a thermomechanical treatment in which it was strained, aged,
and recrystallized (SAR). There were a total of 12 variants of the austenitic materials in composition and
thermomechanical treatment. The EC316L was welded using 16-8-2 filler metal (see Table 1) and gas tungsten
arc (GTA) welding with argon cover gas. Both the plate and the filler wire were provided by Joint Research
Centre-Ispra from the European Fusion Stockpile. The JPCA and J316 plate material were supplied by the Japan
Atomic Energy Research Institute. The JPCA specimens were welded with filler wire with a composition similar
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to the base metal (see Table 1) for both the GTA welding. The US316 material was an air-melted heat from the
U.S. fusion program, reference heat X15893. Two ferritic-martensitic steels were also included in this experiment,
HT-9 and F82H.

A small disk compact specimen 12.5 mm in diameter was selected for the fracture toughness experiments. The
techniques developed for generating the J-integral-resistance (J-R) curve using either unloading compliance (UC)
or potential drop (PD) to monitor crack extension are described elsewhere [7-9]. The disk compact specimens
[designated DC(T)] were 12.5 mm in diameter by 4.63 mm thick. All specimens were fabricated from the middle
of the thickness of the parent plates of material, with the notch oriented so that crack growth would occur parallel
to the rolling direction (T-L orientation). The specimens were fatigue precracked at room temperature to a crack
length to specimen width ratio (/W) of roughly 0.5 and then side grooved 10% of their thickness on each side,
prior to irradiation.

Tests were conducted in general accordance with American Society for Testing and Materials standards E 813-89,
Standard Test Method for J,,, A Measure of Fracture Toughness, and E 1152-87, Standard Test Method for
Determining J-R Curves. The equations in E 1152-87 were used for the J calculations. The specimens were tested
with a computer-controlled testing and data acquisition system. Tests in the laboratory used an 89-kN capacity
servohydraulic test machine. In the hot cell, a 445-kN capacity servohydraulic testing machine with an 22-kN load
cell wasused. All tests were run in strain control. The displacements were measured with an "outboard" clip gage
that seated in grooves machined on the outer edge of the specimen along the load line [7,8]. This arrangement
provided very good load-displacement data and so the UC technique was used for all tests. Test temperatures from
90 to 250°C were maintained within +2°C of the desired temperature with a split-box furnace that enclosed the
specimen and the grips during the test. Temperature was monitored throughout the testing with a thermocouple
that was held in contact with the specimen by a spring-loaded clip. Tensile data from specimens included in the
capsules were used for calculations in the J-R analyses [10]. Estimated values were taken from literature data when

necessary.

After testing, the specimens were heat tinted to mark the crack extension. The initial and final crack lengths for
the unirradiated specimens were measured with an optical measuring microscope. For the irradiated specimens,
photographs of the fracture surfaces were fastened to a digitizing tablet to measure the crack lengths.

Materials with very high toughness and low yield strength, such as the annealed austenitic stainless steels, proved
to be more difficult to test than material with lower toughness such as HT-9. The soft, tough materials showed
enormous crack-tip blunting before stable crack growth began. This resulted in gross changes in the specimen
geometry, and so the crack length predictions were not very accurate. The J-R curve was much steeper than the
calculated blunting line. In these cases, the data were used to calculate a blunting line. A straight line was fit by
eye through the initial portion of the data points, and a second line was drawn parallel to the first but offset by an
amount corresponding to a crack extension of 0.2 mm following ASTM E 813-89. The candidate toughness value
Jo was then determined from the intersection of the data with this offset line. In cases where the data rose very
steeply, the test was terminated before there was enough crack growth to cross the second exclusion line (drawn
corresponding to a crack extension of 1.5 mm as defined in the ASTM E 813-89). As a result, no tearing modulus
value could be calculated. Materials with lower toughness, such as the cold-worked austenitic stainless steels,
behaved in a much more conventional manner. For these materials, the data followed the calculated blunting line
quite closely, so no additional construction was required. These specimens also showed very good agreement
between the measured and predicted final crack lengths.

Results and Discussion

The results of the testing are given in Tables 2 to 6. These tables also includes the tensile values used in the
analyses. The tensile data for the specimens included in these experiments are given in Table 7. The toughness
of the austenitic steels is very high. In general, the toughness decreases as the test temperature increases, but
remains very high. An extended discussion of these results and a comparison to literature data is presented
elsewhere [6].
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Both before and after irradiation, the fracture toughnesses of the solution annealed materials are very high
(K;> 150 MPavm) in the test temperature range. The toughness decreases slightly as the temperature increases,
but remains very high, even after irradiation and testing at 250°C. Irradiation at 250°C causes a greater decrease
in the toughness than irradiation at 90°C. The range of fracture toughness values of these materials is in the upper
range of previously reported data from a variety of steels, reactor environments, and test methods [11-16]. The
fracture toughness of the cold-worked material is generally lower than that of the annealed material, typically by
about 75 to 100 MPavm, both before and after irradiation.

The fracture toughness of the ferritic materials are also reduced by these irradiations. The F82H alloy is more
resistant to damage than the HT-9 material. Both of these alloys show high toughness at high test temperatures
. (250°C) with lower toughness at 25°C (Table 6). The HT-9 specimen irradiated at 250°C fractured in a brittle
manner when tested at room temperature. The load-displacement trace was linear, and the value of the fracture
toughness (31 MPavm) is so low that it satisfies the specimen thickness validity criteria for plane strain fracture
toughness, despite the very small specimen size. The F82H specimen irradiated at 250°C and tested at 25°C also
shows a lower toughness than when tested at 250°C, but the load-displacement curve showed considerable
nonlinearity and the final fracture, although unstable, occurred at a high toughness level of 156 MPavm.

There is surprisingly little data for comparison with these results. These stainless steel alloys are very tough, and
so the fracture toughness is not usually a concern. Odette and Lucas [11,12], Tavassoli [13], and Boutard [14]
have recently surveyed the available data for the effects of low temperature irradiation (< 400°C) on the mechanical
properties, including the fracture toughness, of austenitic stainless steels. There is very little data that is directly
comparable to the present work, but the overall trend of the data shows that irradiation reduces the fracture
toughness, but that it still remains high, in agreement with the present results.

A trend line of toughness vs irradiation dose for austenitic stainless steels is shown in Fig. 1, adapted from the
review article by Lucas [15]. This represents data for a variety of wrought materials irradiated at temperatures from
290 to 430°C. After a rapid initial decrease, the minimum toughness values (note that K values are shown)
approach 50 MPavm for doses beyond 10 dpa. Also shown are data from Sindelar et al. [16] for a 1950s vintage
type 304 stainless steel irradiated at 100 to 155°C to doses up to 2 dpa. The data from the present work fall into
two groups. Results from the higher irradiation temperature (250 to 300°C) are consistent with the published data
represented by the trend line which indicates toughness values in the range of 200 to 250 MPavm for doses up to
3 dpa. For the lower irradiation temperature (60 to 125°C) the reduction in fracture toughness is significantly less
with the data falling well above the trend line. This is likely the result of a different microstructural response to
irradiation, and a reduced level of irradiation hardening for the same dose as compared to higher temperature
irradiation. The data of Sindelar et al. [21] fall well below the present data for low temperature irradiation, likely
reflecting the greater sensitivity to irradiation damage of the 1950s vintage weldments of type 304 stainless steel.

It should be noted that most of the J-R data generated with this small disk compact specimen do not satisfy all of
the validity requirements of the ASTM standards; and so these data are not valid. ASTM standard E 1152-87,

"Standard Test Method for Determining J-R Curves," sets three limits based on the specimen size. The maximum
J-integral measurement capacity is given by the smaller of

Joex= b0/20 or 4}

Tpee= BO20 , 0))
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where
b = initial ligament size,
B = specimen thickness, and
o, = flow stress (average of yield and ultimate tensile stresses).

If the crack length to specimen width ratio (/W) is 0.5, these are identical, as b will equal B for this specimen, in
this case. For nearly all of the data, the measured J-integral values greatly exceed this limit. Only the lowest
toughness materials have J-integral values low enough to satisfy these conditions. However, there is another even
more limiting condition. The maximum allowable crack extension is limited to 0.1b. For an initial /W value of
0.5, which was intended, the resultant maximum allowable crack extension is only 0.46 mm, well short of the
second exclusion line at 1.5 mm of crack extension. If the initial crack length is longer, as was nearly always the
case, even less crack extension is allowed. For tough materials, the limit for crack extension will be reached when
the J-R curve data are still on the blunting line, and stable tearing has not even begun to occur. Even for lower
toughness conditions, only a few of the data points will be valid, and the bulk of the J-R curve is beyond the limit
of validity. The values given in Tables 2 to 6 have been generated by using all the data between the first and second
exclusion lines to determine the curve fit for calculation of J,, even though this data are not valid according to
ASTME 1152-87.

Tt must be emphasized that the J-R data, despite being invalid according to ASTM E 1152, are not incorrect. The
size limitations imposed are conservative, and the J-integral values are quite likely still true measures of the
materials' toughness, as long as the limits are not exceeded by too great a margin. The J-R curves are directly
applicable to structures of the same thickness as the specimens.
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Fig. 1. Trend line of fracture toughness versus irradiation dose in dpa, adapted from Lucas [15], for a range of
austenitic stainless steels, irradiation temperatures, and test temperatures. Also shown are data from the present
work and the results from Sindelar et al. [16] for comparison.
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The J-R curves are of great value in elucidating the materials' responses to irradiation. The J-R curves show how
these materials are embrittled by irradiation as a function of irradiation temperature and damage level. They also
show which materials are most resistant to embrittlement, and give an indication of the rate at which embrittlement
will occur for the present irradiation and material conditions. These are very useful pieces of information for
evaluating candidate structural materials for ITER applications.

CONCLUSIONS

Specimens of several austenitic stainless steels and two ferritic-martensitic steels have been irradiated in HFIR to
about 3 dpa at nominal irradiation temperatures of 90 or 250°C. For the austenitic stainless steels, irradiation
reduces the fracture toughness, and irradiation at 250°C is more damaging than irradiation at 90°C. The fracture
toughness decreases with increasing test temperature, for all the austenitic materials. The annealed materials have
higher toughnesses than the cold-worked materials. The toughness of the cold-worked materials is still high, with
the exception of the US316 material. The welds also have high toughnesses. For the ferritic-martensitic materials,
the specimens irradiated at 250°C and tested at room temperature fail in an unstable manner. The F82H has a
higher toughness than the HT-9 alloy.
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Table 7. Ténsile Properties of Irradiated and Unirradiated Materials.

Irrad. Temp Test Temp. Strain to

Specimen Dose Helium °C) °C) YS UTS(MPa) En Et Necking
Alloy LD. (dpa) (appm) (MPa) (%) (%) (%)
JPCA FF4T 0 0 - 25 331 600 48.8 60.3 51.5
SA FF3T 0 0 - 90 269 510 40.8 50.2 41.8
FF6T 0 0 - 250 269 483 32.8 40.1 33.2
FF7T 2.9 64 83-101 90 717 738 19.3 32.3 23.3
FFOT 2.9 64 83-101 250 614 634 15.7 22.7 16.7
FF2T 2.9 69 250-300 250 779 827 2.8 11.8 3.0
FES5T 2.9 69 250-300 90 862 910 4.9 17.2 7.3
JPCA FE16T 0 0 - 90 600 627 3.0 17.1 4.4
cw FEI5T 0 0 - 250 524 572 2.5 13.6 3.2
FEL7T 2.9 64 83-101 90 931 952 0.8 10.5 0.9
FEI8T 2.9 69 250-300 250 869 896 1.5 10.9 2.1
FEI9T 2.9 69 250-300 90 979 1020 2.5 15.7 3.3
J316 FC27 0 0 - 90 90 427 69.3 83.5 73.7
SA FC30 0 0 - 250 62 372 51.6 62.4 53.3
FC28 2.9 64 83-101 90 690 696 0.3 38.7 29.0
J316 FD2T 0 0 - 25 717 765 2.7 21.0 6.6
cw FD7T 0 0 - 90 593 . 641 4.7 23.5 11.0
FDIT 0 0 - 250 572 607 1.5 16.2 1.8
FD6T 2.9 64 83-101 90 827 841 0.5 15.7 0.5
FD3T 2.9 69 250-300 250 821 827 0.3 10.5 0.3
FD5ST 2.9 69 250-300 90 889 938 1.2 13.7 1.4
EU316L FA27T 0 0 - 25 298 582 59.3 68.5 62.0
SA FA21T 0 0 - 90 285 516 48.3 57.2 50.2
FA26T 0 0 - 250 214 451 39.5 51.3 40.8
FA23T 2.9 64 83-101 90 610 674 347 45.0 37.7
FA24T 2.9 64 83-101 90 605 677 34.7 46.1 37.0
FA22T 2.9 69 250-300 250 760 764 0.4 18.8 11.7
FA25T 2.9 69 250-300 250 724 735 0.6 20.8 12.7
EU316L FBI8T 0 0 - 25 308 616 496 56.3 50.6
WELD  FBI7T 0 0 - 90 224 473 38.3 4438 39.0
FB22T 0 0 - 250 242 449 26.5 39.3 27.9
FB19T 2.9 64 83-101 90 625 707 18.8 26.1 20.3
HT-9 FH6T 0 0 - 25 473 695 14.3 24.1 14.3
FH5T 0 0 - 90 416 622 14.1 23.7 14.1
FHAT 0 0 - 250 425 624 12.1 20.8 12.1
FHIT 2.9 2 83-101 90 903 914 0.4 8.7 0.4
FH2T 2.9 2 250-300 250 875 932 6.2 13.4 6.2
F82H FI19 0 0 - 25 573 682 5.4 15.5 5.4
FI18 0 0 - 90 571 660 4.5 15.3 4.5
FI117 0 0 - 250 507 577 3.2 13.3 3.2
FI16 0 0 - 250 451 530 3.4 13.3 3.4
FI13 2.9 30 250-300 250 852 856 0.3 7.8 0.3
FI14 2.9 30 250-300 90 723 821 8.2 17.7 8.2




