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Abstract

The fatigue crack growth behavior of JLF-1 steel is very important for estimating life in terms of a critical crack
length in a blanket. As a part of this work, the fatigue crack growth behavior of JLF-1 steel was examined in terms of
the fatigue crack growth rate (da/dN) versus the stress intensity factor range (AK) curves. Test specimens consisted of
full size compact tension (FCT) and half size compact tension (HCT) specimens of the base metal and TIG welded
metal. The fatigue crack growth testing was carried out at constant amplitude cyclic loading under a stress ratio of 0.3
at RT and 673 K. From these results, the effects of TIG welding, test temperature and specimen size on fatigue crack
growth behaviors are discussed within the Paris region. The fracture mechanisms of the fatigue crack growth test
specimens were also analyzed using scanning electron microscopy (SEM).

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Nuclear fusion energy reactors not only need high
efficiency of energy production but also development of
structural materials that allow efficient operation. The
candidate blanket structural materials for nuclear fusion
reactors may be RAFs, vanadium alloys and SiC/SiC
composite etc. in accordance with cooling system chosen
[1,2]. RAFs is particularly suited for nuclear fusion
reactors because of a low coefficient of thermal expan-
sion and excellent heat conductivity. Recently, devel-
opment and testing has been carried out for F82H and
JLF-1 steels developed by the JAERI and JUPITER
programs, respectively [3,4]. Kohyama et al. and Ha-
segawa et al. [5,6]. employed 9-12 wt%Cr for Fe-Cr-W
RAFs in order to obtain excellent high temperature
strength under 873 K comparable to austenitic heat
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resisting steel (SUS 304 or 316). Evaluation of EB
welding (electron beam welding) and TIG welding
(tungsten inert gas arc welding) weldment properties is
an important issue because of welding is necessary for
production of nuclear fusion reactors [7,8].

In this work, the fatigue crack growth (FCG)
behavior of JLF-1 steel was examined to construct
database for fatigue crack growth rate (FCGR; da/dN)
versus stress intensity factor range (AK). The FCG test
was carried out by constant amplitude cyclic load testing
under a stress ratio of 0.3 at RT and 673 K using full size
compact tension (FCT) and half size compact tension
(HCT) specimens of base metal and TIG weldments.
The effects of TIG weld, test temperature and specimen
size¢ on FCG behaviors are discussed within the Paris
region. Also, the fracture mechanisms for FCG are
analyzed using scanning electron microscopy (SEM).

2. Experimental procedure

The 25 mm thick plate was normalized at 1323 K for
1 h and air cooled, then tempered at 1050 K for 1 h
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followed by air cooling. Two plates were butt-welded by
TIG welding process after preparing a U-shaped groove.
Post welding heat treatment was performed at 1013 K
for 3 h followed by furnace cooling. TIG welding con-
ditions and a schematic diagram of the U-shape groove
are shown in Table 1 and Fig. 1, respectively. The
chemical composition of the JLF-1 steel is shown in
Table 2. Also, Fig. 2 shows the micro Vickers hardness
distribution of the cross section of the TIG weld joint.
The hardness of weld metal (WM) was higher than that
of the base metal by about 20%, and lowest hardness
point appeared at the interface between the base metal
and the heat affected zone (HAZ).

Table 3 shows the mechanical properties of JLF-1
steel. The WM specimen has higher strength and lower
elongation than other test specimens at RT. In the case

Table 1
TIG welding condition

of the weld metal of transverse direction to welding
direction, the test specimen was fractured within the
interface between base metal and HAZ. Therefore, ten-
sile properties of the weld metal of transverse direction
specimen can be regarded as a result of HAZ. As these
results, the tensile strength of JLF-1 steel increased in
the order of HAZ, base metal and weld metal. Also,
total elongation increased in the order of HAZ, weld
metal and base metal.

All of the tests were carried out using a computer
controlled electro-servo hydraulic testing machine (MTS
model 810, 10tonf). The FCG tests were performed
under a constant amplitude cyclic loading mode at RT
and 673 K. The wave form was sinusoidal with a fre-
quency of 10 Hz and stress ratio of 0.3. The fatigue
crack length was measured by a compliance method
using a crack opening displacement (COD) gage and
was observed by traveling optical microscope with res-
olution of 0.001 mm. The shape and dimensions of CT
specimens for FCG tests is presented in Fig. 3. In the
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Fig. 1. U-groove shape and microstructure. Fig. 2. Hardness distribution after TIG welding.
Table 2
Chemical composition of base metal, weld metal and welding wire

C Si Mn P S Al Cr w v Ta N Ti B

BM  0.10 0.05 0.45 0.003 0.002 0.003 8.85 1.99 0.20 0.08 0.0231 - 0.0002
WM 0.061 0.13 0.43 0.005 0.003 0.003 9.16 1.91 0.25 0.081 0.0259 0.019 0.0001
WW  0.061 0.10 0.45 0.003 0.003 0.002 8.96 1.82 0.25 0.084  0.0332 0.028 0.0001

BM: Base metal, WM: weld metal, WW: welding wire.

Table 3
Mechanical properties of JLF-1 steel

Material Test temperature (K) Yield strength (MPa) Tensile strength (MPa)  Elongation (%)
Base metal RT 449 612 28.1

673 K - 531 25.4
Weld metal RT 630 733 24.5

673 K - 663 21.4
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Fig. 3. Dimensions
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of CT specimens for FCG tests.

3. Results and discussion

3.1. FCG behavior

FCG behavior is generally characterized using linear
elastic fracture mechanics (LCFM) principles, and FCG
curves are divided into regions I, IT and III. The FCGRs
in the subcritical region II is related to the stress inten-
sity factor range as follows (Paris law):

da/dN = C(AK)",

where C and m are material constants.
The FCGRs of base metal and welded metal of JLF-
1 steel are summarized using an incremental polynomial

method as shown in F

ig. 4(a) and (b). Those plots show

the region II results with the Paris law parameters. The
FCGRs of base metal and welded metal at 673 K are
slightly faster than those at RT due to a decrease in
tensile strength and elongation. Generally, the FCGRs
are inversely proportion to the strength of material.
Those results are in good agreement with other pub-

lished data for RAFs

10°¢

[9].

The FCGRs of half size specimens are almost the same
as those of full size specimens. Therefore, it is believed
that the specimen size little affects the FCGRs for JLF-1
steel at RT. Although it is still necessary to perform an
evaluation of crack closure and fracture mechanics, it is
expected that the FCG behavior of JLF-1 steel can be
evaluated by using small sized specimens at RT.

Comparing (a) and (b), the FCGRs for weld metal
are almost the same with those of base metal without
regard to test temperature and test specimen size. In the
case of similar alloys, the FCGRs of weld metal is faster
than that of base metal [10].

3.2. Fracture mechanism
Fig. 5 shows the fracture surface of FCG test speci-

mens using SEM to evaluate the fracture mechanisms.
Each figure shows region II (AK =27 MPam!/?). In
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Fig. 4. Results of FCG tests for (a) base metal and (b) weld metal of JLF-1 steel.
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these figures, the fracture surface of the FCG test spec-
imen shows very fine fatigue striations on some of facets
indicating the presence of extremely localized plasticity
deformation. In the case of weld metal, there are con-
siderable quasicleavage fracture surfaces mainly to small
precipitates from the welding process at RT.

4. Conclusion

1. The FCGRs of base metal and weld metal at 673 K
are slightly faster than those at RT due to a decrease in
tensile strength and elongation.

2. Specimen size dose not affect the FCGRs of JLF-1
steel at RT. Therefore, the FCG behaviors of JLF-1 steel
can be evaluated by using small sized specimens.

3. The FCGRs of weld metal are almost the same as
those of base metal without regard to test temperature
and test specimen size.

4. SEM fractography of the FCG test specimen
shows very fine fatigue striation on some of facets
indicating the presence of very localized plastic defor-
mation. In the case of weld metal, there is considerable
quasicleavage fracture surface mainly to small precipi-
tates from the welding process at RT.
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