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Abstract

Small specimen test technology (SSTT) has been developed to investigate mechanical properties of nuclear materials. SSTT
has been driven by limited availability of effective irradiation volumes in test reactors and accelerator-based neutron and charged
particle sources. In this study, new bend test machines have been developed to obtain fracture behaviors of F82H steel for
very small bend specimens of pre-cracked t/2-1/3CVN (Charpy V-notch) with 20 mm length and deformation and fracture mini
bend specimen (DFMB) with 9 mm length and disk compact tension of 0.18DCT (disk compact tension) type, and fracture
behaviors were examined at 2D. The effect of specimen size on ductile—brittle transition temperature (DBTT) of F82H steel
was examined by using 1/2t-CVN, 1/3CVN and t/2-1/3CVN, and it was revealed that DBTT of t/2-1/3CVN and 1/3CVN was
lower than that of t/2-CVN. DBTT behaviors due to helium and displacement damage in F82H-std irradiated at at©uiy1 20
50 or 100 MeV He ions to 0.03 dpa were also measured by small punch tests.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tors and accelerator-based neutron and charged particle
source$l-5]. The mostrecent efforts in fracture SSTT
Small specimen test technology (SSTT) has been have been pursued within the framework of the mas-
developed to investigate mechanical properties of ter curves-shifts method proposed by Odette et al. for
nuclear materials. SSTT was driven by limited avail- bcc alloys such as ferritic/martensitic steels currently
ability of effective irradiation volumes in test reac- being considered as the first candidate for fusion reac-
tor structure$6,7]. The master curves-shiftsrepresenta
mpondmg author. Tel.: +81 29 282 6563: significan_t extensio_n and modifi(_:a_ti_on_ of recent devel-
fax: +81 29 282 5922. opments in measuring cleavage initiation toughness for
E-mail address: wakai@realab01.tokai.jaeri.go.jp (E. Wakai). heavy section component integrity assessments. The
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success in utilizing small specimens to obtain mean- 2. Fabrication of DFMB, t/2-1/3PCCVN and
ingful and useful fracture toughness information is 0.18DCT specimens
leading to an even more aggressive approach to reduc-
ing fracture specimen sizes. A variety of tests have been  The fatigue pre-cracks of 0.18DCT, t/2-1/3PCCVN
devised to extract mechanical property data from exist- and DFMB specimens were induced by using a fatigue
ing small volume specimens, such as tensile, low and testing machine of Shimazu Lab-5u. The 0.18DCT
high cycle fatigue, fracture toughness, fatigue crack specimens (12.5 mm diameter and 4.63 mm thickness)
growth, pressurized tubes, notched and pre-crackedwere machined in the T-L orientation so that crack
impact specimens and 3 mm diameter disks. A subset propagation occurred parallel to the rolling direction.
of these specimens and techniques has been tentativelyFatigue pre-cracking was performed at room tem-
selected as candidate for materials response verifica-perature in a condition of crack length to specimen
tion in the International Fusion Materials Irradiation width ratio @/ W) of approximately 0.46. This was fol-
Facility (IFMIF), which is a D-Li-based high-energy lowed by side-grooving on each side to the depth of
neutron source currently undergoing conceptual design ~10% of specimen thickness. The length of fatigue
[8]. pre-crack extension of 0.18DCT specimen was about
In this study, we have examined the fracture tough- 1.3-1.4mm. The applied load at the first step was
ness of F82H steel using three type specimens of changed between 108 and 1079 N at 40 Hz and it was
0.18DCT (disk compact tension), pre-cracked t/2- changed between 88 and 883N at the next step. In
1/3CVN (Charpy V-notch), which is denoted as t/2- the t/2-1/3PCCVN and DFMB specimens, the pre-
1/3PCCVN, with 20 mm length and deformation and crack was induced in the plate shape with V-notch and
fracture mini bend specimen (DFMB) with 9mm U-notch, respectively, and the size of the plates was
length. The 0.18DCT and 1/3CVN specimenisrecently 20 mmx 20 mm square and 3.3 mm in thickness. The
used for a standard fracture specimen of the neutron depth and angle of V-notch in the t/2-1/3PCCVN were
irradiation study in reduced-activation ferritic (RAF) 0.51 mm and 39 respectively. In the DFMB speci-

steels. But the volumes of 0.18DCT and 1/3CVN spec-
imens are not so small in the space of irradiation facility
such as IFMIF. It is very important to reduce the spec-
imen volume for the performance of irradiation dose.
The blanket structure of fusion reactors will be com-

men, U-notch was adopted to reduce the notch region
by using a 0.15mm wire cutter, and the depth and
width of U-notch was about 0.5 mm and about 0.2 mm,
respectively. The load of the plate for the preparation
of t/2-1/3PCCVN and DFMB specimens was changed

posed of RAF steel plates and pipes with different from 294to 2942 N at 40 Hz. After the pre-crack proce-
thickness, and we should check the dependence of specdure, the plate was sliced to about 1.7 mm in thickness
imen size on the properties of fracture toughness. The by wire cutting. The lengths of the pre-crack of t/2-
t/2-CVN specimen reduced the width of 1/3CVN spec- 1/3PCCVN and DFMB specimens were about 0.9 mm
imen by half, and the DFMB specimen reduced the and about 0.3 mm, respectively. The ratio of crack
width and length of 1/3CVN by about half. length to specimen thicknessgW, for the DFMB and

A new bend test machine has manufactured to obtain t/2-1/3PCCVN specimens was controlled to the values
fracture behavior for very small bend specimens of from 0.40 to 0.45. The chemical compositions of the
t/2-1/3PCCVN and DFMB. The fracture behaviors of specimens in this study are givenTable 1
F82H steel with different type of shapes have been
examined. The types of specimens used in this study
are 0.18DCT, 1/3CVN, t/2-1/3CVN, t/2-1/3PCCVN,
DFMB and small punch (SP) specimens. The purpose
of this study is: (1) to manufacture fracture toughness 3.1. Fracture toughness testing of DFMB and
testing machines for the small specimens of DFMB and #2-1/3PCCVN
t/2-1/3PCCVN and to check the fracture behaviors of
F82H-std steel at RT and (2) to examine the effect of  Fig. 1 shows a new bend test machine, which is
specimen size on ductile—brittle transition temperature manufactured to obtain fracture behavior for very small
(DBTT) of F82H-std steel. bend specimens of t/2-1/3PCCVN with 20 mm length

3. Fracture toughness testing
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Table 1

Chemical compositions of the specimens used in this study (wt%)

Materials N C Si Mn P S Cr w \Y Ta
F82H-std (IEA) 0.007 0.09 0.07 0.10 0.003 0.001 7.82 1.98 0.19 0.04
F82H-std (low N) 0.0023 0.099 0.11 0.10 0.007 0.001 7.92 1.97 0.18 0.05

(W:3.3mm,H: 1.65 mm) and DFMB with 9 mm length  adjustment of specimen position in the specimen stage
(W: 1.65mm,H: 1.65mm). The displacement rates of is controlled by a small micrometer, which is set in the
cross head in this machine can be changed from 0.01machine.

to 100 mm/min. The temperature can be controlled by  The position of the load cell can be measured by
the amounts of vapor of liquid nitrogen with high pres- using a linear gauge (Mitutoyo, LGF sereies) and it is
sure and electric heater, and it can be changed fromalso controlled by a feedback control system for the
—196to 300°C. The deviation of temperature is within  position. The accuracy of the position for linear gauge
about 0.5C. Fig. 2a and b) show DFMB and t/2- is +0.5pm. The position of the specimen on the spec-
1/3PCCVN specimens set in the stage of the bend testimen stage equipped with a scale can be adjusted by
machine, respectively. The scale of 0.5 mm distance using a smallu.-meter instrument. The cross head is
was set in the back of specimen setting position. The dropped gradually to the center of specimen with V-

(a) DFMB

9mm  Specimen
Controller

(b)
(b) /2-1/3PCCVN

20mm  Specimen
.-

: va mee, Optical
View W i Probe
Windows - -

Fig. 1. A new bend test machine, which is manufactured to obtain
fracture behavior for very small bend specimens of pre-cracked
1/3CVN with 20 mm length and DFMB with 9 mm length: (a) con-  Fig. 2. (a) DFMB specimen and (b) t/2-1/3PCCVN specimen of
figuration of the machine and (b) chamber and the optical probe. F82H-std (low N) set in the stage.
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notch. The displacement of the specimen is measured 500
exactly by an optical probe (Keyence, LS-7030T) from
the view port set in the chamber as showirig. 1(b), 400

and the accuracy for the displacement of the specimen
is within £0.15pm.

Fig. 3(aand b) is load—displacement curves tested at
20°Cinthe DFMB and t/2-1/3PCCVN F82H-std spec-
imens, respectively. The cross head of 0.1 mm/min was
selected under the unloading compliance method. The
fracture toughness tests for compact and three-point
bend specimens was performed under the guidelines of 0.00 0.20 0.40 0.60 0.80 1.00
the ASTM E 813-89 and E 1820-99a. Fracture tough- Displacement (mm)
ness of DFMB and t/2PCCVN at RT was about 170 and
230 MPa 2, respectively. These values were smaller
than the value of 0.18DCT specimen as described in 400

Section3.2 ‘mmmm"m"nm'mnmmmn
300

Load (N)

500

~ H
3.2. Fracture toughness testing of 0.18DCT _%’ !’ ,
g 200
Fig. 4 shows the DCT test machine, which is man- - I
ufactured to obtain fracture behavior for the 0.18DCT 100
specimenFig. 4(c) shows the outboard gage attached
to one of the disk compact specimen of F82H-std steel. 8_00 0.20 0.40 0.60 0.80 1.00
This fracture toughness tests can be conducted in the () Displacement (mm)

temperature range from180 to 300°C, and the tem-

perature was controlled by the system of A iapor Fig. 3. Load and displacement curves obtained from: (a) DFMB and
or electric heater. Tensile force, clip gauge displace- () pre-cracked t2-1/3CVN specimens of F82H-std (low N).
ment, cross head displacement and temperatures are

measured and recorded during the tests. The load versus

Thermo-
couples

0.18DCT Specimen Clip Gauge

Fig. 4. 0.18DCT machine: (a) chamber inside, (b) front of chamber and (c) clip gauge and specimen.
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Fig. 5. Load and displacement curves obtained from: (a) DFMB "19- 6. SP energy as a function of temperature in F82H-std (IEA).

specimen and (b) t/2-1/3PCCVN of F82H-std (low N).

clip gage displacement curves are showRitn 5. The F82H foil of 0.6 mm at about 120C with a beam of
displacement rate of the cross head was controlled at100 MeV H&* particles by AVF cyclotron at Takasaki
0.2 mm/min under the unloading compliance method. lon Accelerators for Advanced Radiation Application
Fracture toughness of F82H-std (low N) at RT was (TIARA) facility of JAERI. The displacement dam-
about 330 MPa 2. This value is very similar to the  age was about 0.03dpa and the stopping range of
value of previous studfg]. heliumwas about 1.25 mm. In this specimen, all helium
atoms passed through the irradiated specimens. After
the irradiation, the SP tests were performed in the
4. Small punch testing Japan Materials Testing Reactor (JMTR) Hot Labo-
ratory. The SP energy was calculated as a function
Small punch (SP) test machine was manufactured in of temperature as shown Ifig. 6. In this study, the
a hot cell of the JIMTR hot laboratof§0]. The SPtest  change of DBTT due to displacement damage hardly
machine consists of a load controller, turntable with 12 occurred in this experiment and it was about 2€3
specimen holders, a vacuum chamber and a furnace.In the previous study11] of 50 MeV Hé* irradia-
The specimen holder consists of the upper and lower tion experiment, displacement damage in F82H steel
holders, a punch and a steel ball of 1 mm diameter. A was also about 0.03 dpa and the projected range of the
steel ball and a punch were pushed by the punch rod. helium ions controlled under an energy degrader was
The maximum load and stroke of the punch rod for from 0 to 0.4 mm, and helium atoms were uniformly
the SP machine are 5kN and 8 mm, respectively. The implanted to about 85 appm at about 2@in the spec-
punch speed was controlled at 0.5 mm/min. SP energy imen with 0.3 mm in thickness. The shift of DBTT for
was calculated from the area under the load—deflection the F82H steel implanted with 85 appm He was about
curve up to the fracture load. 15°C [11]. The summaries of SP data tested at RT
In this study, the F82H specimens of TEM disk in F82H steel were given iffable 2 In the similar
type with 0.3 mm thickness were irradiated through cyclotron helium implantation experiment of Kimura,

Table 2

SP-yield load, SP-maximum load, cracking load, deflection at a maximum of load and total elongation of F82H steels tested at RT by SP
Displacement He (appm) Yieldload Maximum Cracking Deflectionat Total deflection
damage (dpa) (N) load (N) load (N) Ppmax (Mm) (mm)

F82H 0 0 123 522 348 0.38 0.78

F82H (50 MeV He) 0.03 85 120 493 337 0.38 0.75

F82H (100 MeV He)  0.03 0 123 499 350 0.48 0.74
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it was reported that the shift of DBTT due to helium
implantation of 120 appm was about 20 in JLM-1
steel[12]. In our previous data, the ratio of the shift
of DBTT to helium concentration in F82H steel was
about 0.18C/appm He, and the ratio for Kimura data
in JLM-1 steel was 0.22C/appm He. These two data
for the helium effect on DBTT in different marten-
sitic steels were very similar. The DBTT obtained by
the our previous SP experiments in F82H steel could
be modified as 37.5C for the DBTT measured using

a 1/3CVN standard as determined from the correla-
tion between SP data and 1/3CVN dit8]. The shift

of DBTT due to displacement damage at 0.03 dpa can
be evaluated from the other data of neutron irradiation
experiment[14] and the value is estimated as about
5°C. In this experiment of F82H steel, the DBTT shift
due to displacement damage of 0.03 dpa can be eval-
uated as about €C, and the value obtained by this
study is very close to the result of the other study.
Therefore, the shift of DBTT due to helium produc-
tion of 85 appm could be concluded to be about32

in the 1/3CVN. In present study, the same result was
obtained. On the other hands, in boron or nickel doping
experiments of martensitic steels, similar results of the
shift of DBTT due to helium production on the isotope-
tailoring experiments were reportgi#t, 15] However,
there was a possibility that the addition of boron or
nickel may cause severe irradiation embrittlement. In
this experiment, there are no effects of chemical addi-
tional element on DBTT16,17], the shift of DBTT
[11], theincrement of irradiation hardenifis,19]and
defect cluster§20,21] as reported in previous studies.
It is therefore concluded that helium production can
affect the shift of DBTT.

5. Charpy impact tests

Fig. 7 shows the dependence of Charpy impact
energy on specimen size as a function of temperature,
using t/2-CVN, 1/3CVN and t/2-1/3CVN specimens
of F82H-std containing 20 ppm N (low N). The upper
shelf energy per cross-section in fracture plane was
decreasing with the reducing specimen size. The DBTT
of t/2-CVN, 1/3CVN and t/2-1/3CVN was-82,—-104
and—140°C, respectively. It is well known that DBTT
depends strongly on the width of specimsiy, @nd the
length of ligament below the notch of the specimén (
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Fig. 7. Dependence of specimen size on Charpy impact energy as a
function of temperature, using t/2-CVN, 1/3CVN and t/2-1/3CVN
specimens of F82H-std (low N).

[22—-25] The empirical correlations of DBTT of full-
size and sub-size specimens in reactor pressure vessel
(RPV) steels were proposed:

DBTTfu”.Size = DBTTsub.Size+ 98 - 151 X |I’](Bb2),
@)

where DBT yisize and DBTTgyp-size @re transition
temperature for full-size and sub-size Charpy impact
specimens, respective]22]. The values of DBTTB
andb in this study are given iffable 3 and the DBTT

for 1/3CVN and t/2-1/3CVN can be estimated as about
—130 and-141°C, respectively, by using E¢L). The
estimated value of DBTT for t/2-1/3CVN was good
corresponds to the experimental data of F82H steel in
this study, butthe estimated value of DBTT for 1/3CVN
was lower than the value of the present experimental
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Table 3
DBTT, width of specimeng) and the length of ligament below the notd},(of F82H steel for t/2-CVN, 1/3CVN and t/2-1/3CVN Charpy
impact specimens

Full-size or sub-size B (mm) b (mm) DBTT (°C) (experimental data) DBTTC) (estimation)
t/2-CVN Sub-size 5 8 -82 (-82)
1/3CVN Sub-size 3.3 2.79 —104 —130
t/2-1/3CVN Sub-size 1.65 2.79 —140 —-141
CVN Full-size 10 8 - —81.6

The estimation of DBTT in t/2-CVN, 1/3CVN and CVN was calculated by using a data of t/2-CVN.

data. The DBTT of F82H steel was lower than that [3] M. Sokolov, G.E. Lucas, J. Landes, 4th Symposium on Small

of RPV steel, and the other factors such as the size Specimen Test Techniques STM-STP-1418, American Society
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.t'ons of DBTT for the Sllz.e dependenpe. Further study test techniques, J. Nucl. Mater. 117 (1983) 327-339.

is needed for the empirical correlations of DBTT of (5] p. jung, A. Hishinuma, G.E. Lucas, H. Ulimaier, Recommenda-

full-size and sub-size specimens in RAF steels. tion of miniaturized techniques for mechanical testing of fusion
materials in an intense neutron source, J. Nucl. Mater. 232
(1996) 186-205.
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