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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, and it is very useful for the reduction
of waste materials produced in nuclear engineering. 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 DFMB (deformation and fracture mini bend
specimen) with 9 mm-length and disk compact tension of 0.18DCT type, and fracture behaviors were
examined to evaluate DBTT (ductile-brittle transition temperature) at temperatures from -180 to 25°C. The
effect of specimen size on DBTT of F82H steel was also examined by using Charpy type specimens such as
172t-CVN, 1/3CVN and ¢2-1/3CVN. In this paper, it also provides the information of the specimens
irradiated at 250°C and 350°C to about 2 dpa in the capsule of 04M-67A and 04M-68A of JMTR

experiments.
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1. Mechanical Properties of Small Size Specimens of F82H Steel
1.1 Research Background and The Purpose of This Study

Small specimen test technology (SSTT) has been developed to investigate mechanical properties of
nuclear materials. SSTT was driven by limited availability of effective irradiation volumes in test reactors
and accelerator-based neutron and charged particle sources [1-5]. The most recent efforts in fracture SSTT
have been pursued within the framework of the master curves-shifts method proposed by Odette and
co-workers for bec alloys such as ferritic/martensitic steels currently being considered as the first candidate
for fusion reactor structures [6-7]. The master curves-shifts represent a significant extension and
modification of recent developments in measuring cleavage initiation toughness for heavy section
component integrity assessments. The success in utilizing small specimens to obtain meaningful and useful
fracture toughness information is leading to an even more aggressive approach to reducing fracture
specimen sizes. A variety of tests have been devised to extract mechanical property data from existing small
volume specimens, such as tensile, low and high cycle fatigue, fracture toughness, fatigue crack growth,
pressurized tubes, notched and pre-cracked impact specimens and 3 mm diameter disks. A subsets of these
specimens and techniques have been tentatively selected as candidates for materials response verification in
- the IFMIF (international fusion materials irradiation facility), which is a D-Li based high energy neutron
source currently undergoing conceptual design [8].

In this study, we have examined the fracture toughness of F82H steel using three type specimens of
0.18DCT (Disk compact tension), pre-cracked t/2-1/3CVN (Charpy V-notch), which is denoted as
t/2-1/3PCCVN, with 20 mm-length and DFMB (deformation and fracture mini bend specimen) with 9
mm-length. The 0.18DCT and 1/73CVN specimen is recently used for a standard fracture specimen of the
neutron irradiation study in RAF (Reduced-activation ferritic) steels. But the volumes of 0.18DCT and
1/3CVN specimens are not so small in the space of irradiation facility such as IFMIF. It is very important to
reduce the specimen volume for the performance of irradiation dose. The blanket structure of fusion
reactors will be composed of RAF steel plates and pipes with different thickness, and we should check the
dependence of specimen size on the properties of fracture toughness. The t/2-CVN specimen reduced the
width of 1/3CVN specimen by half, and the DFMB specimen reduced the width and length of 1/3CVN by
about half. |

A new bend test machine has manufactured to obtain fracture behavior for very small bend specimens
of t/2-1/3PCCVN and DFMB. The fracture behaviors of 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 SP (small punch) specimens. The purpose of this study is (1) to manufacture fracture toughness
testing machines for the small specimens of DFMB and t/2-1/3PCCVN and to check the fracture behaviors
of F82H-std steel at RT and (2) to examine the effect of specimen size on DBTT (ductile-brittle transition
temperature) of F82H-std steel.
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1.2 Fabrication of DFMB, t/2-1/3PCCVN and 0.18DCT Specimens

The fatigue pre-cracks of 0.18DCT, t/2-1/3PCCVN and DFMB specimens were induced by using a
fatigue testing machine of Shimazu Lab-5u. The 0.18DCT specimens (12.5 mm diameter and 4.63 mm
thickness) were machined in the T-L orientation so that crack propagation occurred parallel to the rolling
direction. Fatigue pre-cracking was performed at room temperature in a condition of crack length to
specimen width ratio (a/W) of approximately 0.46. This was followed by side-grooving on €ach side to the
depth of ~10% of specimen thickness. The length of fatigue pre-crack extension of 0.18DCT specimen was
about 1.3 — 1.4 mm. The applied load at the first step was changed between 108 and 1079 N at 40 Hz. and it
was changed between 88 and 883 N at the next step. In the t/2-1/3PCCVN and DFMB specimens, the
precrack was induced in the plate shape with V-notch and U-notch, respectively, and the size of the plates
was 20 mm x 20 mm square and 3.3 mm in thickness. The depth and angle of V-notch in the t/2-1/3PCCVN
‘were 0.51 mm and 30°, respectively. In the DFMB specimen, U-notch was adopt to reduce the notch region
by using a 0.15 mm 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
from 294 to 2942 N at 40 Hz. After the pre-crack procedure, the plate was sliced to about 1.7 mm in
thickness by wire cutting. The lengths of the pre-crack of t/2-1/3PCCVN and DFMB specimens were about
0.9 mm and about 0.3 mm, respectively. The ratio of crack length to specimen thickness, a/W, for the
DFMB and t/2-1/3PCCVN specimens was controlled to the values from 0.40 to 0.45. The chemical

compositions of the specimens in this study are given in Table 1.
1.3 Fracture Toughness Testing
1.3.1 Fracture Toughness Testing of DFMB and t/2-1/3PCCVN

Fig. 1.1 shows a new bend test machine, which is manufactured to obtain fracture behavior for very
small bend specimens of t/2-1/3PCCVN with 20 mm-length (W: 3.3 mm, H: 1.65 mm) and DFMB with 9
mm-length (W: 1.65 mm, H: 1.65 mm). The displacement rates of cross head in this machine can be
changed from 0.01 mm/min to 100 mm/min. The temperature can be controlled by the amounts of vapor of
liquid nitrogen with high pressure and electric heater, and it can be changed from —196°C to 300°C. The
deviation of temperature is within about 0.5°C. Figs.' 1.2(a) and 1.2(b) show DFMB and t/2-1/3PCCVN
specimens set in the stage of the bend test machine, respectively. The scale of 0.5 mm distance was set in
the back of specimen setting position. The adjustment of specimen position in the specimen stage is
controlled by a small micrometer, which is set in the machine.

The position of the load cell can be measured by using a linear gauge (Mitutoyo, LGF sereies) and it
is also controlled by a feed back control system for the position. The accuracy of the position for linear
gauge is 0.5 um. The position of the specimen on the specimen stage equipped with a scale can be

adjusted by using a small p-meter instrument. The cross head is dropped gradually to the center of
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specimen with V-notch. The displacement of the specimen is measured exactly by an optical probe
(Keyence, LS-7030T) from the view port set in the chamber as shown in Fig. 1.1(b), and the accuracy for
the displacement of the specimen is within £0.15 um.

Figs. 1.3(a) and 1.3(b) are load-displacement curves tested at 20°C in the DFMB and t/2-1/3PCCVN
F82H-std specimens, 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 the ASTM E 813 — 89 and E 1820 — 99a. Fractﬁre toughness of DFMB
and /2PCCVN at RT was about 170 and 230 MPa m"?, respectively. These values were smaller than the

value of 0.18DCT specimen as described in section of 1.3.2.
1.3.2 Fracture toughness testing of 0.18DCT

Fig. 1.4 shows the DCT test machine, which is manufactured to obtain fracture behavior for the
0.18DCT specimen. Fig. 1.4(c) shows the outboard gage attached to one of the disk compact specimen of
F82H-std steel. This fracture toughness tests can be conducted in the temperature range from —180 to 300°C,
and the temperature was controlled by the system of LN, vapor or electric heater. Tensile force, clip gauge
displacement, cross head displacement and temperatures are measured and recorded during the tests. The
load versus clip gage displacement curves are shown in Fig. 1.5. The displacement rate of the cross head
was controlled at 0.2 mm/min under the unloading compliance method. Fracture toughness of F82H-std

(low N) at RT was about 330 MPa m"?. This value is very similar to the value of previous study [9].
1.3. 3 Fracture Toughness Tests according to the ASTEM Standard E-1820-99a

Fracture toughness tests with several sizes of compact tension (CT) specimens are usually carried out
according to the ASTM standard E 1820-99a. The notch direction in the CT specimens is fabricated to be
parallel to the T-L orientation in the plate. Fatigue pre-cracking is induced to a ratio of pre-crack length to
specimen width of about 0.4-0.5, followed by side-grooving by 20% of thickness. The unloading
compliance method is applied for measuring the J-integral with a clip strain gage. The-integral value at

cleavage instability, Jc, is converted to K;¢ as follows:
KK? =Je E1-VY),
where E is the Young’s modulus and = 0.29 is the Pission’ ratio. The upper limit of valid is given by
Kicgimy’ = EbeGy/[M(1- V})],

where b, is the ligament size, G is the yield stress at the testing temperature, and M is the constraint factor
as defined to M = 30 in the ASTM E 1920. The measured K;c for the small sized CT specimen, Kjc(smaii cT),
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is converted to the Kycict), for the 1CT specimen as follows:

= b
Kiciuen = Kmin + [Kicgmancry = Kinin] Bsmatt ct/Bict) s

where K;y = 2 x10” Pa - m'? is the minimum of Kic, Bsman or 1s gross thickness of tested small CT
specimen, Bcr is gross thickness of 1CT specimen and b = 4 is the shape parameter based on Weibull
model. The median of K;c(icr) is fitted by the MC curve identified by the reference temperature of To as

follows:
KJC(medium) =30+ 706Xp[0019(T - TO)],

where T is the testing temperature. The cumulative probability for the failure is given by the Weibull model

as follows:
Pi=1 - exp{-[( Ksc - Knmi)/( Ko - Kni)]*},

where K, is the scale parameter.
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1.4 Small Punch Testing

Small punch (SP) test machine was manufactured in a hot cell of the JMTR hot laboratory [10]. The SP
test machine consists of a load controller, turntable with twelve specimen holders, a vacuum chamber and a
furnace. The specimen holder consists of the upper and lower holders, a punch and a steel ball of Tmm
diameter. A steel ball and a punch was pushed by the punch rod. The maximum load and stroke of the
punch rod for the SP machine are 5 kN and 8 mm, respectively. The punch speed was controlled at 0.5
mm/min. SP energy was calculated from the area under the load-deflection curve up to the fracture load.

In this study, the F82H specimens of TEM disk type with 0.3 mm thickness were irradiated through
F82H foil of 0.6 mm at about 120P°C with a beam of 100 MeV-He?" particles by AVF cyclotron at TIARA
(Takasaki lon Accelerators for Advanced Radiation Application) facility of JAERI. The displacement
damage was about 0.03 dpa and the stopping range of helium was 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 JMTR (Japan Materials Testing Reactor) hot laboratory. The SP energy was calculated as a function of
temperature as shown in Fig. 1.6. In this study, the change of DBTT due to displacement damage hardly
occurred in this experiment and it was about 2-3°C. In the previous study [11] of 50 MeV-He" irradiation
experiment, displacement damage in F§2H éteel was also about 0.03 dpa and the projected range of the
helium ions controlled under an energy degrader was from 0 to 0.4 mm, and helium atoms were uniformly
implanted to about 85 appm at about 100°C in the specimen with 0.3 mm in thickness. The shift of DBTT
for the F82H steel implanted with 85 appm He was about 15°C [1 '1]. The summaries of SP data tested at RT
in F82H steel were given in Table 1.2. In the similar cyclotron helium implantation experiment of Kimura,
it was reported that the shift of DBTT due to helium implantation of 120 appm was about 20°C in JLM-1
steel [12]. In our previous data, the ratio of the shift of DBTT to helium concentration in F82H steel was
about 0.18°C/appmHe, and the ratio for Kimura data in JLM-1 steel was 0.22 °C/appmHe. These two data
for the helium effect on DBTT in different martensitic steels were very similar. The DBTT obtained by the
our previous SP experiments in F82H steel could be modified as 37.5°C for the DBTT measured using a
1/3CVN standard as determined from the correlation between SP data and 1/3CVN data [13]. The shift of
DBTT due to displacement damage at 0.03 dpa can be evaluated from the other data of neutron irradiation
éxperiment [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 evaluated as about 6°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 production
of 85 appm could be concluded to be about 32°C 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 reported [14-15].
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 additional element on DBTT [16-17],
the shift of DBTT [11], the increment of irradiation hardening [18-19] and defect clusters [20-21] as

reported in previous studies. It is therefore concluded that helium production can affect the shift of DBTT.
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1.5 Charpy Impact Tests

Fig. 1.7 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 specimen, (B), and the length of ligament below the notch of the
specimen, (b), [22-25]. The empirical correlations of DBTT of full size and sub-size specimens in reactor

pressure vessel (RPV) steels were proposed:
DBTT g size = DBTT g size + 98 - 15.1 x In (Bb?), )

where DBTT g1 5ize and DBTT g iz are transition temperature for full size and sub-size Charpy impact
specimens, respectively [22]. The values of DBTT, B and b in this study are given in Table 1.3, and the
DBTT for 1/3CVN and t/2-1/3CVN can be estimated as about —130 and ~141°C, respectively, by using eq.
(1). The estimated value of DBTT for t/2-1/3CVN was good corresponds to the experimental data of F82H
steel in this study, but the estimated value of DBTT for 1/3CVN was lower than the value of the present
experimental data. The DBTT of F82H steel was lower than that of RPV steel, and the other factors such as
the size and density of inclusions may be related to the correlations of DBTT for the size dependence.
Further study is needed for the empirical correlations of DBTT of full size and sub-size specimens in RAF

steels.
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1.6 Summary

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 DFMB (deformation and fracture mini
bend specimen) with 9 mm-length and disk compact tension of 0.18DCT type, and fracture behaviors were
examined at 20°C. The effect of specimen size on DBTT (ductile-brittle transition temperature) 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 about 120°C by 50 or 100 MeV-He ions to 0.03 dpa were

also measured by small punch tests.
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Fig. 1.1 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) Configuration of the machine and (b) Chamber and the optical probe.
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Fig. 1.2 DFMB specimen and (b) t/2-1/8PCCVN specimen of F82H-std (low N) set in the

stage.
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Fig. 1.3 Load and displacement curves obtained from (a) DFMB and (b) pre-cracked
t/2-1/3CVN specimens of F82H-std (low N).
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Fig. 1.5 Load and displacement curves obtained from (a) DFMB specimen and (b) t/2-1/3PCCVN
of F82H-std (low N).
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N).
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Table 1.1:  Chemical compositions of the specimens used in this study (wt%)

Materials N C Si Mn P S Cr W A" Ta

F82H-std (IEA) 0.007 0.09 0.07 0.10 0.003 0.001 7.82 198 0.19 0.04
F82H-std (Low N)  0.0023 0.099 0.11 0.10 0.007 0.001 792 197 0.18 0.05

Table 1.2: 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 Yield Maximu Cracking Deflection Total

damage Load mLoad Load at Prax Deflection
(dpa) (appm) (N) N) M) (mm) (mm)
F82H 0 0 123 522 348 0.38 0.78
F82H(50MeV-He) 0.03 85 120 493 337 0.38 0.75
F82H(100MeV-He) 0.03 0 123 499 350 0.48 0.74

Table 1.3: DBTT, width of specimen, (B), and the length of ligament below the notch, (b), of F82H steel
for t/2-CVN, 1/3CVN and v/2-1/3CVN Charpy impact specimens. The estimation of DBTT in t/2-CVN,
1/3CVN and CVN was calculated by using a data of t/2-CVN.

Full size or Sub size B b DBTT DBTT
(mm) (mm) °C) 0
(Experimental data) (Estimation)
t/2-CVN Subsize 5 8 .82 (-82)
173CVN Subsize 33 2.79 -104 -130
t/2-1/3CVN Subsize 1.65 . 279 -140 -141
CVN Full-size 08 . 81.6
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2. Mechanical Property of F82H Steel Doped with Boron and Nitrogen
2.1 Research Background and The purpose of This Study

Reduced-activation ferritic/martensitic steels are candidate materials for the blanket structure of fusion
reactors. The structure materials must not only withstand radiation damage, but also accommodate helium
atoms due to transmutation process. The effects of neutron irradiation on tensile deformation, DBTT, and
microstructures of F82H and the other ferritic/martensitic steels were reported'™®. Radiation hardening
occurred mainly at irradiation temperatures lower than about 400° C, and it increased with decreasing
irradiation temperature up to about 250°C. The issue of helium accumulation on mechanical properties has
been an ongoing concern. Recently, the effect of helium production on radiation hardening has been
examining and the large enhancement of hardening due to helium from 600 appm to 10000 appm is
detected in the tensile testing for 9Cr martensitic steels EM10 and T91 implanted by cyclotron
experiments”. Small enhancements of radiation hardening are also reported in neutron irradiation
experiment®® and ion beam experiments'”. In order to examine the quantified analysis for the dependence
of helium production on hardening, isotope '°B dope technique to produce He atom in the alloys with a
different '°B concentration is effective method under a mixed spectrum reactor irradiation with thermal and
first neutrons. Doping of B element can affect on mechanical properties before and after irradiation, and the
errors induced from the effect of B on mechanical properties have to be minimized by comparing the
results for the mechanical testing of '°B and ''B doped specimens. The first purpose of this study is focused
to evaluate quantitatively the contribution of helium production on hardening and fracture behavior in
F82H irradiated at 300°C for the synergistic effect of helium and displacement damage.

Effect of heat treatment on mechanical properties of Fe-8Cr-2W-0.1C-0.2V-0.04Ta martensitic steel
F82H doped with about 60 mass ppm B or both of 60 mass ppm B and 200 mass ppm N was examined, and
the F82H doped with boron and nitrogen had an excellent mechanical'". The second purpose of the present
study is to examine the effect of specimen size on tensile properties and DBTT in F82H doped with boron

and nitrogen.
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2.2 Experimental Procedure

The materials used in this study and the compositions are given in Table 2.1. In order to produce
helium atoms the materials were doped with about 60 mass ppm '°B. The purity of isotope elements of '°B
and ''B used in this study was about 95%. The plates of these materials with about 15 mm thickness were
normalized at 1040°C for 40 minutes and tempered at 750° C for 60 minutes. The SS-3 tensile specimens
were 0.76 mm thick with a gage length of 7.62 mm and 1.55 mm in width. Irradiation was carried out at
nominally 250°C in the capsule 00M-66A of the Japan Materials Test Reactor (JMTR) in the Japan Atomic
Energy Research Institute (JAERI) to neutron fluences of 1.4 x 10*' n/em® (E >1 MeV) and 1.2 x 10*'
n/em® (E <0.683 eV), resulting in a displacement damage of ~2.2 dpa. The averaged displacement damage
induced by the reaction of "B(n, o)’Li was calculated as about 0.2 and 0.1 dpa for the F82H+'°B and
F82H+'"B+'"B, respectively. The total displacement damage due to the transmutation reaction and neutron
irradiation was 2.4 dpa in the F82H+'"B.

After the neutron irradiation, tensile testing was carried out in vacuum at a strain rate of 4 x 10*s™ at
25°C in a hot cell of the JMTR hot laboratory. After the tests, the fracture surface was observed by a
scanning electron microscope (SEM). The concentrations of helium in the specimens after the irradiations
were measured by using a mass analyzer of magnetic reflection typezg)._ The helium concentrations
produced from a reaction of B(n, a)7Li in the F82H+B steels irradiated in the IMTR were evaluated and
the helium concentrations produced in the F82H-std, F 82H+1°B, F82H+''B and F82H+'"B+''B steels were
5,331, 14 and 194 appm, respectively.

The effect of specimen size on mechanical properties was examined for a F82H doped with about 60
mass ppm B and 200 mass ppm N. The detail preparations of this alloy were reported23 ). In tensile testing,
JIS 14A tensile specimen (6 mm diameter and 33 mm length in the gauge region) and SS-J3 (small size
Japanese-3, 0.76 mm thick with a gage length of 7.62 mm and 1.55 mm in width) were measured at room
temperature under a strain rate of 2.5 x 10~ and 4.4 x 10 s, respectively. The ductile-brittle transition
temperatures of the specimens were measured by using half-size Charpy impact specimens (5 mm width,
10 mm height, 50 mm length) with V-notch and smaller size impact specimens (1.65 mm width, 3.3 mm

height, 18 mm length).
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2.3 Mechanical Properties of F§2H and F82H Doped With Boron
2.3.1 Tensile Testing After Neutron Irradiation

The stress-strain curves of F82H, F82H+]0B, F82H+“B, and F82H+'°B+"'B steels irradiated at
300°C in JMTR were given in Fig. 2.1. The tensile properties were measured at 25°C. The increments of
yield stress, AYS, and ultimate tensile strength, AUTS, due to irradiation are given in Fig. 2.2. In the
F82H+'"B+"'B and F82H+'"B, the AYS and AUTS increased somewhat with increasing helium production.
In Fig. 2.3, the fracture surfaces of tensile specimens are shown, and the reduction area decreased in the
F82H+'°B. The ratio of fracture strength to fracture area in tensile testing was given in Fig. 2.4, and the
approximate fracture stress decreased in the F82H+'°B+''B and F82H+'°B. This result might indicate that
the fracture stress was reduced by a high amount of helium production. AYS due to helium production,
AYS(He), is defined as the difference between AYS of F82H+'°B or F82H+'°B+''B and AYS of F82H+''B

and it is given by
AYS(He) = AYS(F82H+'°B or F82H+'"B+"'B) - . AYS(F82H+''B), (1)
AYS(F82H+""B) = YS(F82H+""B) et - YS(F82H+""B)onirrad ()

where Y Sirqg and YSonimq. are the yield stress of the specimen after and before irradiation, AYS induced
by helium production is detected at around 330 appmHe. The radiation hardening due to helium production

14"5), and the formation of cavities was

was also reported in T91 martensitic steel implanted with helium
observed. It could be expected that the cavities would be also formed in this experiment, and the factor of

hardening due to helium was caused by the formation of cavities.
2.3.2 Effect of Specimen Size on Mechanical Properties

The dependence of specimen size on the DBTT was examined as shown in Fig. 2.5. The DBTT of
the standard size and small specimens were —83°C and —95°C, respectively. There was a difference about
12°C between these data. In the tensile testing, similar values for YS, UTS and TE were obtained in the
different size specimens as given in Fig. 2.6. In Figs. 2.7(a) and (b), tensile properties of F82H doped with
boron and nitrogen were shown as a function of temperature. The properties of F§2H doped with boron and

nitrogen were very similar to those of F82H tested at 25°C.
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2.4 Summary

Dependence of fracture properties and hardening was examined as a function of helium production in
tensile specimens of a martensitic steel F82H (Fe-8Cr-2W-0.1C-0.04Ta) irradiated at 300°C to 2.3 dpa by
neutron irradiation in the JMTR (Japan Materials Testing Reactor). The specimens used in this study were
F82H, F82H+60ppm''B, F82H+30ppm("'B+'°B) and F82H+60ppm'*B. The helium range produced from
"B(n, a)’Li reaction was from 5 to 330 appm in the specimens. The tensile testing was performed at 25°C.
The radiation hardening due to helium production was detected at 330 appmHe. The degradation of fracture
stress due to helium production was approximately evaluated from the fracture strength and the reduction
area. 7

Effect of specimen size on tensile and Charpy impact properties in F82H doped with 60 ppm boron
and 200 ppm nitrogen was also examined. The JIS 14A and SS-J3 (Small Size — Japanese-3 type) v;zere ‘
used for the tensile specimens, and half size (55 mm in length, 10 mm in height and 5 mm in width) and
0.5-1/3CVN (18mm in length, 3.3 mm in height and 1.65 mm in width) were used for the Charpy impact
testing. The tensile properties were a similar to each other. However, the ductile-brittle transition
temperature measured in smaller size specimen was somewhat lower than that in the standard size

specimen.
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Fig. 2.1 Tensile curves of F82H, F82H+60ppm''B, F82H+30ppm('°B+"'B) and F82H+60ppm'’B
steels irradiated at 300°C to 2.3 dpa in JMTR. The tensile testing was performed at 25°C under a strain
rate of 4.4x107 5™,
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Fig. 2.2 Radiation hardening of yield stress (YS) and ultimate tensile stress (UTS) due
to irradiation in the F82H, F82H+60ppm!uB, F82H+30ppm(1°B+1B) and
F82H+60ppm1B steels.
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Fig. 2.3 Fracture surfaces of (a) F82H, (b) F82H+60ppm''B, (c) F82H+30ppm('’B+"'B) and (d)
F 82H+60ppm]0B steels after the tensile testing.
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Table 2.1: Chemical compositions of materials (mass %)
Materials B N C Si Mn P S Cr A% \"% Ta
F82H 0.0003 0.0028 0.099 0.11 0.10 0.007 0.001 792 197 0.18 0.05
F82H+'°B 0.0061 0.0022 0.097 0.10 0.10 0.007 0.001 796 198 0.18 0.05
F82H+''B 0.0059 0.0011 0.093 0.11 0.10 0.007 0.001 802 198 0.18 0.05
F82H+"°B+''B | 0.0067 0.0020 0.094 0.12 0.90 0.007 0.001 801 201 0.18 0.5
F82H+B+N 0.0059 0.0190 0.099 0.099 0.10 0.006 0.001 809 2.10 030 0.039
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3. Effect of Gas atoms and Displacement Damage on Mechanical Properties and Microstructures of
F82H

3.1 Research Background and The Purpose of This Study

Ferritic/martenisitc steels are one of candidate materials for the vessel of spallation target [1], and
reduced-activation ferritic/martenistic (RAF) steels are first priority materials of structure for fusion nuclear
reactors [2]. In these systems, particles with high energy are irradiated to the vessels or the structures, and
helium and hydrogen atoms are generated in materials. These systems are desired to operate at relatively
higher temperatures. It is reported that helium atoms can affect on DBTT [3-7], swelling behavior [8-15]
and irradiation hardening [16-23] in martensitic steels.

In studies of synergistic effects of displacement damage and helium on mechanical properties and
microstructure, there are some experimental methods. The synergistic effect can be examined‘ by high
energy proton beams to target materials such as SINQ (Swiss Spallation Neutron Source) [24] and
LANSCE (Los Alamos Neutron Science Center) [25]; Reactor neutron irradiation can be partially
simulated by martensitic steels doped with '°B or **Ni in a mixed spectrum fission reactor [12, 26-28]; A
multi-ion irradiation experiment is also very important method to control of helium production ratio during
irradiation [8-9,11,17]. Particularly, this method produces fusion relevant high-energy cascades at
controllable helium production (He/dpa). Moreover, the effects of helium on radiation hardening behavior
can be evaluated by combining ion-irradiation experiments and an ultra micro-indentation technique
[16-17].7 The effects of helium atoms on mechanical properties and microstructures were also examined by
the cyclotron helium implantation [3,19,29-31], and hardness changes, DBTT shift, fracture behaviors and
creep strength [30-31] of martensitic steels due to helium were investigated.

In this study, the dependence of irradiation temperature and gas atoms on swelling, irradiation
hardening and DBTT shift due to gas atoms in martensitic F82H steel have been examined by some
experimental methods such as multiple ion beams, cyclotron helium implantation and neutron irradiation of

a reactor.
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3.2 Experimental Procedure
3.2.1 Multiple lon Beam Experiments of Hardness and Microstructures

The chemical compositions of F82H-std steel used in this study are given in Table 2.1. The heat
treatment of F82H steel were first normalized at 1040°C for 38 min and tempered at 750°C for 1 h. The
material was cut to small coupon type specimens (6 X 2 x (.8 mm’). One of the 6 x 0.8 mm sides was
irradiated after polishing with SiC paper #4000 and 0.3 pm alumina powder and finally to an electrolytic
surface polishing. The ion-beam irradiation experiment was carried out at the TIARA facility in JAERL
The configuration of the beam lines and specimens is shown in Fig. 3.1. The specimens were irradiated at
270, 360 and 430°C. Single irradiation was performed with 10.5 MeV-Fe** ions. Dual irradiation was also
performed with simultaneous beams of 10.5 MeV-Fe’* and 1.05 MeV-He" ions using an energy degrader
for helium ions. Triple irradiation was done with simultaneous beams of 10.5 MeV-Fe**, 1.05 MeV-He" and
0.38 MeV-H" ions using energy degraders for helium and hydrogen atoms. Helium and hydrogen
implantations were performed using an aluminum foil energy degraders in order to control the helium and
hydrogen distributions in the depth range of about 0.8-1.3 um from the specimen surface. The irradiation
was performed to 20-50 dpa at the depth of 1.0 pm from the irradiation surface. The damage rate was about
1.0 x 107 dpa/s. The ratios of helium and hydrogen to dpa were Vabout 10 appmHe/dpa and 40 appmH/dpa,
respectively. The irradiated specimens were then indentation-tested at a load range of 10-25 mN using an
UMIS-2000 (CSIRO, Australia) ultra micro-indentation testing system. The direction of indentation was
chosen to be parallel to the ion beam axis or normal to the irradiated surface. The shape of the indenter tip
was a Berkovich tip. The micro-indentation results were analyzed in the manner outlined by Oliver and v
Pharr [32]. Micro-indentation tests were performed at loads to penetrate about 0.40 pm in this study as
shown in Fig. 3.2. TEM foils of the ion-irradiated specimens were made by using a Hitachi FB-2000A
focused ion beam (FIB) processing instrument with micro-sampling system operated at 30 kV by Ga" ions
at the Tokai Hot Laboratory and a low energy Ar ion gun operated at 1 kV and 0.2 kV. The microstructural
examination was carried out using a Hitachi-HF-2000 transmission electron microscope (TEM) operated at
200 kV.

3.2.2 Cyclotron Helium Implantation Experiment and Small Punch Test for 3 mm¢ Disk

The TEM disk specimens of F82H-std steel with 0.3 mm thickness were implanted at about 120°C
with a beam of 50 MeV-He" particles by AVF cyclotron at TIARA facility of JAERI. An energy degrader
was used to implant helium into the specimens from top to bottom uniformly [33]. The concentration of the
He and displacement damage in the specimen implanted by cyclotron irradiation was evaluated as about 85
appm He and 0.03 dpa, respectively. After the helium implantation experiment, SP experiment and TEM
observations were performed. The effect of helium production on fracture behavior at 20, 600 and 700°C

was examined by small punch (SP) tests. The fracture surfaces were observed by a scanning electron
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microscope (SEM) after the SP. The SP test was graphically shown in Fig. 3.3.
3.2.3 Neutron Irradiation of Tensile and Fracture Toughness Specimens

The materials used in this study and the compositions are also given in Table 3.1. In order to produce
helium atoms the materials were doped with about 60 mass ppm '°B. The purity of isotope elements of '°B
and "'B used in this study was about 95%. The plates of these materials with about 15 mm thickness were
normalized at 1040°C for 40 minutes and tempered at 750° C for 60 minutes. 0.18DCT and SS-3 specimens
were used to evaluate fracture behavior and hardening in this study. The 0.18DCT specimens (12.5 mm
diameter and 4.63 mm thickness) were machined in the T-L orientation so that crack propagation occurred
pérallel to the rolling direction. Fatigue pre-cracking was performed at room temperature in a condition of
crack length to specimen width ratio (a/W) of approximately 0.46. This was followed by side-grooving on
each side to depth of ~10% of specimen thickness. The SS-3 tensile specimens were 0.76 mm thick with a
gage length of 7.62 mm and 1.55 mm in width. Irradiation was carried out at nominally 300°C in the
capsule 00M-65A of the Japan Materials Test Reactor (JMTR) in the Japan Atomic Energy Research
Institute (JAERI) to neutron fluences of 1.4 x 10*' n/em” (E >1 MeV) and 1.2 x 10”' n/cm® (E <0.683 eV),
resulting in a displacement damage of ~2.2 dpa. The averaged displacement damage induced by the
reaction of '°B(n, a)’Li was calculated as about 0.2 and 0.1 dpa for the F82H+'°B and F82H+'"'B+'°B,
respectively. The total displacement damage due to the transmutation reaction and neutron irradiation was
2.4 dpa in the F82H+'"B. After the neutron irradiation, tensile testing was carried out in vacuum at a strain
rate of 4 x 10 s at 25°C and fracture toughness testing was also performed in a hot cell of the JMTR hot
laboratory. After theses tests, the fracture surface was observed by a scanning electron microscope (SEM).
The concentrations of helium in the specimens after the irradiations were measured by using a mass
analyzer of magnetic reflection type [3]. The helium concentrations produced from a reaction of '*B(n,
«)’Li in the F82H+B steels irradiated in the JMTR were evaluated and the helium concentrations produced
in the F82H+'"B, F82H+"'B and F82H+'"B+''B steels were about 330, 14 and 190 appm, respectively.



JAEA-Technology 2006-019

3.3 Irradiation Effects
3.3.1 Irradiation Hardening by Ion Irradiations

Fig. 3.4 shows the dose dependence of irradiétion hardening at 360°C up to 50 dpa in F82H
martensitic steel. The micro-hardness of F82H steel rapidly increased up to 20 dpa and it tended to saturate
from 20 dpa to 50 dpa. The hardness of F82H irradiated with triple beams was slightly higher than the
others, and the hardness of F82H irradiated with dual beams was slightly higher than the single irradiation.
The difference of hardness of F82H steel irradiated to 50 dpa between single irradiation and multiple
irradiations was smaller than that to 20 dpa. The enhancements of hardness due to the multiple irradiations
are indicated that the implanted helium and hydrogen atoms in martensitic steel can affect on irradiation
hardening at 360°C. According to Ando et al, irradiation hardening could be enhanced by the ratio of
helium implantation to displacement damage and total amount helium concentration, and the enhancement
of hardening was related to the formation of cavities [16]. Similar result for the enhancement of irradiation
hardening due to high amounts of helium atoms was reported [19].

Fig. 3.5 shows the hardness changes of F82H steel irradiated at 270 and 360°C to 20 dpa under
single, dual and triple irradiations. Radiation hardening for single irradiation, dual irradiation and triple
irradiation was very similar to each other, and the results were different from those at 360°C to 20 dpa.
Radiation hardening due to single irradiation in F82H steel irradiated at 270°C was comparable to that due
to single irradiation at 360°C, while the irradiation hardening due to multiple irradiations at 270°C was
smaller than that at 360°C. The difference of beam conditions for the changes of irradiation hardening was
not detected at 270°C. In the different heat treatment specimens, the irradiation hardening in the first N&T
(normalizing and tempering) heat specimens was slightly larger than the others of the second heat treatment,
and the radiation hardening was reduced by the re-heat treatment. The cause of the hardening changes
induced by the re-heat treatment may be related to changes of the homogeneity level of matrix. A similar
result of the re-heat treatment effect was reported by neutron irradiation [23,34-35). In this experiment, it is
found that the effect of heat treatment on irradiation hardening is also valid for the dual and triple

irradiations.
3.3.2 Swelling Behavior under Ion Irradiations

In previous study [8-9], swelling behavior of F82H steel was examined at temperatures of 470, 510
and 600°C to 50 dpa under dual ion beams of about 15 appm He/dpa and triple ion beams of 15 or 150
appmHe/dpa and 50 or 1000 appmHe/dpa. These swelling were ranged from about 0.1% to 3%, and the
swelling was enhanced by the synergistic effect of helium, hydrogen and displacement damage under the
triple ion beams.

In present study, swelling behavior is examined at temperatures of 360 and 430°C to 50 dpa under
dual ion beams. Figs. 3.6(a) and 3.6(b) show microstructures of F82H steels formed at 360 and 430°C to 50
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dpa by dual ion beams of Fe and He ions, respectively. The microstructures formed by 360°C irradiation in
F82H steel were only dislocation loops as shown in Fig. 3.5(a). Many cavities and dislocation loops were
formed in F82H irradiated at 430°C to 50 dpa, and the swelling was about 0.6 %. The size distribution of
cavies was bi-modal. In Fig. 3.7, the swelling of F82H irradiated by dual ion beams is given as a function
of temperature, and the swelling peak temperature is around 430°C.

In previous studies of swelling by neutron irradiation [12,15], the effect of helium production on
swelling of F82H irradiated at 300 and 400°C to 51 dpa by neutrons in HFIR (High Flux Isotope Reactor)
was examined by using a '°B doping technique. The swelling at 400°C tended to increase from 0.1 to 1.1 %
with increasing helium production from about 10 to 330 appm, and the swelling at 300°C was very low and
small cavities with low number density was formed in F82H steel with a helium production of about 330
appm. In the previous swelling study due to helium production in F82H steel, the ratio of helium
production to displacement damage was not controlled during irradiation In this study, the ratio of helium
to displacement damage was controlled during irradiation, and the relatively somewhat larger swelling was

measured at around 430°C in the specimens irradiated by the dual ion beams.

3.3.3 Effect Helium on Fracture Behavior at High Temperature by SP Test

Figs. 3.8(a) and (b) show microstructures taken under low and high magnifications, respectively, by a
transmission electron microscope for F82H steel implanted to about 84 appm helium and about 0.03 dpa by
50 MeV He?* ions at about 120°C using an energy degrader of aluminum foils for helium ions. In the
micrographs, dislocations, carbides, lath boundaries and small defect clusters like dislocation loops were
observed. The number density of small defect clusters formed by the irradiation was very low. Cavities
were not observed in the specimen.

The curves of load-displacement for the SP tests at 600 and 700°C in F82H steels after the helium
implantation were given in Fig. 3.9. In the specimens implanted with helium, larger stress occurred as seen
in Figs. 3.9(a) and 3.9(b), especially in the specimen tested at 600°C. In the helium-implanted specimens,
the elongations were not degraded. After the SP tests, the fracture surfaces were observed by SEM as
shown in Figs. 3.10 and 3.11. The ductile fracture surfaces were observed in all specimens. No cracking at
grain boundaries were observed in all specimens tested at 600 and 700°C. Small cavities like blister at the
cracked region were formed near outside the surface of the non-helium-implanted specimen tested at 700°C,
however, such cavities were not observed in the helium-implanted specimen tested at 700°C. The formation
of the cavities near the surface after SP test was also observed in only non-helium-implanted specimen

tested at 600°C.



JAEA-Technology 2006-019

3.3.4 Effect of Helium Production on Fracture Toughness of F82H Steel

Fig. 3.12 shows AYS due to neutron irradiation in F82H+''B, F§2H+'"B+''B and F82H+'’B steels
irradiated at 300°C to 2.3 dpa as reported in previous study [3]. The tensile test temperatures were
performed at 20, 300 and 400°C. Small increment of AYS due to helium production was observed in
F82H+'"B steel with produced helium about 330 appm. Similar results are obtained in present study of ion
irradiation experiment and the other studies as described in section 3.3.1. Therefore, helium production can
be affect on microstrucutral evolution and irradiation hardening.

In this study, the effect of helium production on fracture toughness has been examined. Fig. 3.13
shows curves of load and displacement of fracture toughness specimens tested at 300°C in the F82H+''B
and F82H+'°B steels irradiated at 300°C to 2.3 dpa. The amounts of helium production in F82H+''B and
F82H+''B steels are about 5 appm and 330 appm, respectively. The maximum loads of the irradiated
F82H+!'B and F82H+''B steels were about 2.5 and 2.9 kN, respectively, and the value of F82H+'°B steel
was larger than it. As exceeded the maximum load, the strength of F 82H+''B steel was gradually decreased,
while that of F82H+'°B steel was rapidly decreased and the fracture proceeded to the end of specimen after
the displacement of only 2.2 mm. SEM micrographs after the fracture tests at 300°C are shown in Fig. 3.14.
The s{n'face of F82H+!'B steel with no helium production was relatively smooth, but the fracture surface of
F82H+'"B steel with helium production was very rough. The cause would be related to the occurrence of
sub- boundary crack due to helium migration to sub-boundaries. Brittle fracture surfaces of F82H+'"'B and
F82H+'°B steels were observed at —40°C and 100°C, respectively. The difference of temperature was about
140°C. The fracture surfaces of F82H+'""B and F82H+''B steel in the brittle temperature regions were
observed by a SEM as given in Fig. 3.15. The surface of F82H+''B steel with no helium production was

cleavage, but F82H+'"B steel with helium production was somewhat rough on the fracture surface.
3.3.5 Design Window of Martenisitic Steels for Irradiation Environment Systems

The result for the enhancement of hardening without degradation due to helium at high temperature is
very important. In martensitic steel, the decrease of creep strength at higher temperature is one of negative
properties. The design window of safety zone map for operation in fusion nuclear reactor using a water
coolant system or other systems, based on data and knowledge about properties of reduced-activation
ferritic/martensitic steels, was restricted at higher temperature by loss of creep strength or softening during
irradiation [1]. However, the strength at higher temperature in the helium content specimen is larger than
that in the non-content helium specimen, therefore, the safety zone at higher temperature may be modified
by the suppression of deformation due to helium production.

The effects of helium production on swelling and fracture toughness as shown in sections of32and 3.4
can be also affected on the design window of martenisitic steels for irradiation environment systems, and
the enhancement of swelling due to gas atoms and the shift of DBTT due to helium atoms are negative

effects. We would have to take care of these effects to operate these systems as described in Fig. 3.16.
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3.4 Summary

Effects of displacement damage and gas atoms on microstructures and mechanical properties of F§2H
steel were examined by some methods. The hardness of F82H was increased by triple beams, dual beams
and single beam at 270°C to 20 dpa and 360°C to 50 dpa, and the increment of hardness by irradiation at
360°C was larger than that at 270°C. The increment of hardness due to triple, dual and single beams
depended on the irradiation temperatures. The peak temperature of swelling induced by dual ion beams to
50 dpa was about 430°C at temperatures from 360 to 600°C and the value of swelling was about 0.6 %.
Strength of F82H-std steel tested at 600 and 700°C by small punch (SP) was increased by about 84 appni
helium implantation, and no degradation was observed. In fracture toughness test of 0.18DCT performed at
300°C of ductile properties, strengths of F82H with helium production was rapidly decreased as compared
to that with no helium production beyond a maximum strength in ductile temperature region. The cause
would be related to the occurrence of sub- boundary crack due to helium migration to sub-boundaries.
From these results, the modification of safety zone of F82H steel for operation of nuclear environment

systems is proposed.
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Fig. 3.6 Microstructures formed in F82H steels irradiated with dual beams at (a) 360°C and (b) 430°C
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Fig. 3.7 Dependence of irradiation temperature for swelling of F82H steel irradiated with dual beams
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Fig. 3.8 Microstructures of (a) low and (b) high magnification figures in F82H steel implanted with
50 MeV He™" ions at 120°C to 0.03 dpa.
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implantation.
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Fig. 3.10 SEM micrographs of (a) no-helium and (b) helium implanted F82H specimens tested at 600°C

after small punch.

At 700°C

Fig. 3.11 SEM micrographs of (a) no-helium and (b) helium implanted F82H specimens tested at
700°C after small punch.
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Fig. 3.12  AYS due to neutron irradiation in F82H+"'B, F82H+'"B+''B and F82H+'""B steels irradiated
at 300°C to 2.3 dpa.
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Fig. 3.13  Curves of load and displacement of 0.18DCT fracture toughness specimens tested at 300°C
in the F82H+''B and F82H+'"B steels irradiated at 300°C to 2.3 dpa
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Fig. 3.14 SEM micrographs of F82H+"'B and F82H+'"B steels irradiated at 300°C to 2.3 dpa after
the fracture testing at 300°C.
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Fig. 3.15 SEM micrographs of F82H+"'B and F82H+]OB steels irradiated at 300°C to 2.3 dpa after the

fracture testing at lower temperature.
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Fig. 3.16 Modification of design window of martenisitic steels for irradiation environment systems.

Table 3.1: Chemical compositions of F82H-std and F82H doped with "B, ''B and B+"'B steels used in

this study (wt%)
Materials B C Si Mn P S Cr w \Y% Ta
F82H 0.0002 0.09 0.07 0.1 0.003 0.001 7.82 198 0.19 0.04
F82H+'"°B 0.0061  0.097 0.10 0.10 0.007 0.001 796 198 0.18 0.05
F82H+"'B 0.0059 0.093 0.11 0.10 0.007 0001 802 198 0.18 005
F82H+"°B+''B 0.0067 0.094 0.12 090 0.007 0001 801 201 0.8 005
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4. Information of Neutron Irradiation of 04M-67A and 04M-68A capsules in JMTR

Capsules of 04M-67A and 04M-68A were manufactured in JAERI in 2004. Neutron
irradiation was performed from 157 cycle to 160 cycle in 2005, and the total time of
irradiation was about 2,766 hours. The irradiation temperatures of the 04M-67A and
04M-68A were approximately 250°C and 3500°C, respectively. The positions of the capsules of
04M-67A and 04M-68A in the JMTR were K-10-2 and K-10-3, respectively. The estimated fast
and thermal neutrons at a peak value in the capsule of 04M-67A were 1.23x1025 m'? and
2.87x102 m-2, respectively. The estimated fast and thermal neutrons at a peak value in the
capsule of 04M-68A were 1.23x1025 m2 and 2.97x102 m-2, respectively. F82H-std steel,
F82H+60ppm 1B steel and F82H+60ppm 1B steel were used in this experiments, and tensile
specimen of SS-3 type, Charpy impact specimens of 1/8CVN and t/2-1/3CVN, fracture
toughness specimens with pre-crack of t/2-1/3PCCVN, DFMB and 0.18DCT and TEM

specimens for SP test and microstructural observations were irradiated in the capsules.
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Appendix I  (New Machine for Small Fracture Toughness Specimens)

A new test machine of small fracture toughness specimens of 1/3PCCVN and DFMB types has been
manufactured to examine the fracture toughness and DBTT (ductile-brittle transition temperature) of small
size specimens of reduced-activation ferritic/martenisitc steels. This machine can be operated at
temperatures from —180°C to 300°C in air. The accuracy of the control for the specimen position is
basically less than one micron. The maximum value of load is 2 kN. The performance of the machine for
the measurement of displacement of specimen position and cross head position, the control of temperature
and etc was checked by using some specimens of 1/3PCCVN and DFMB, and it was modified through our
tests. The design of the machine manufacture of the fracture toughness tests for the irradiated specimens
was reflected through this modification process. The detail of this procedure was described in Japanese as

following contents.
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Fig. A.1 Signals of load-displacement curve at the first stage of the machine manufacture.
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Fig. A.2 Signal of displacement to time in a short period.



JAEA-Technology 2006-019

0.1:
0.08°
Sy T=2 sec T=1 sec
0.06 :
St !
A :
f 4 :
0.04 - "
\ t“’i\ln i |
: W, PRI i
0.02 ¢ : '\f‘l'\/f\f\l\i‘,ff'"; . i
: i ,"”“.‘ ity o ; !
! ‘,1" "i_: ,/"“[‘»s\‘),‘%m,,»«\\{,\\

ok

bt Mo,

S i ‘\\ﬁ,“%ﬁ ‘/\/ ¥ ‘fvﬁv"m 1% »,\\‘;f W
» Py

50 100 150 200 250 300 350 400

Fig. A3 Oscillation spectrum of the signal of displacement to time at ~150°C in a very short time. The

values of the axes are arbitrary units. The periodical peaks was seen.
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Fig. A.4 Improved curve of displacement to time at —150°C after the treatment of reduction of noise. The

abnormal displacement remained as indicated by an arrow.
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Fig. A.5 Signal of displacement to time measured at -180°C under the condition controlled by the optical

system. The signal was sometimes lost.
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Fig. A.6 Curve of load-displacement at -180°C under the condition controlled by a linear gauge.
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Fig. A.7 Relation between LED displacement and linear gauge displacement. There is a difference at the

process of unloading.
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Fig. A.8 Comparison of load-displacement curves between the LED system and the linear gauge system.

The slopes of unloading process for these systems were different. (The bold solid line is for the

linear gauge system and the solid line is for the LED system.)
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Fig. A.9 Relation between the position change of the measured LED system and the position change of

the center of specimen.
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Fig. A.10 Calculation model for the conversion from the position measured by LED system to the

position in the specimen center.
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Fig. A.11 Relation between the position of the specimen measured by the LED system and the position of
specimen center. The solid and dotted lines are corresponds to the measurement and

calculation, respectively.
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Fig. A.12 Photograph of this new machine for the fracture toughness tests of small bend type specimens.

(a) appearance of new machine, (b) 1/3PCCVN specimens after the tests,
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Fig. A.13 (a) Appearance of small size specimen, DFMB, on the specimen stage of the new machine after
the test, (b) the DFMB specimen during the test, observed from the view window of the

chamber.
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