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IFMIF/EVEDA SSTT-fatigue

Background and Required Conditions of Fatigue
Tests

e On a design of a blanket for a fusion
reactor, an elastic—plastic analysis of the
structure will be performed since huge
amount of heat must be removed by a
pressurized coolant.

e In addition, the pressure varies and the
cyclic deformation occurs.

 The design fatigue life of the blanket will be
around 1 x 10% cycles and it assumes the
plastic strain component.

e Therefore, the design will be carried out
under low cycle fatigue condition.
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IFMIF/EVEDA SSTT—fatigue

Small Fatigue Specimen

Test section

Round—-bar type with test section diameter of 1 mm and gauge length of 3.4 mm
Round-bar type with test section diameter of 3 mm and gauge length of 7.5 mm in EU. -2 Probably too large
Hourglass type with minimum diameter of 1.25 mm in Japan. - Effect of stress concentration
End connection
Modified button head type with flat sheet shape
Thread type has been adopted in EU.
- Clamping of this end-connection would be difficult if swelling and embrritlement of the specimen occurred
due to the neutron irradiation.
Flat sheet type, which is fastened by fixtures with pressure, has been adopted in Japan.
- It would not be easy to reduce bend strain of the specimen caused by the gap between the positions of
both up and down bodies of fixture.

By S. Nogami (Tohoku U.) and A. Nishimura (NIFS)



IFMIF/EVEDA SSTT-fatigue
Fatigue Testing Machine for Small specimen

v" Testing machine for room temperature in air and high temperature in air has been
developed.
v" Testing machine for high temperature in vacuum is being developed.

Extensometer for
room temp. test

Testing machine for RB—1
small round—bar specimen =

Extensometk i
using strain galige 17

e

A measure against
the earthquake

By S. Nogami (Tohoku U.) and A. Nishimura (NIFS)



IFMIF/EVEDA SSTT—fatigue
aser Extensometer with. Nano—meter Accuracy

Specimen

Reflecting plate |
(0.2 mm thick) (1.1 mm dia.)

Laser micro head:1.25 mm dia.
Cover sheath: 2.0 mm dia.

By S. Nogami (Tohoku U.) and A. Nishimura (NIFS)



Total strain range, Ag, [%)]

IFMIF/EVEDA SSTT-fatigue

Fatigue Life of Small Fatigue Specimens

v No specimen size effect (Diameter ¢ 1-10 mm = ¢ /d = 10) in round-bar and
hourglass specimens

v" No specimen shape effect in round—bar specimen

v" Significant shorter fatigue life at low strain range due to stress concentration in
hourglass specimen

v" Slight longer fatigue life at high strain range in hourglass specimen

v" High resistance to buckling in hourglass specimen

F82H-IEA (Grain size : d50-100 y m) JLF-1 (Grain size : d20-50 y m)
10 10

s * HG-1.25 * HG-1.25
+ HG-1.25 (Hirose, Kim) + HG-1.25
o RB-1 + HG-6 (Hirose)
] Eg-z , o RB-1
. RB-7: -10 (Shiba) 4 RB-8 (Nishimura&Li)
ARB-0.85
BRB-1.70

Total strain range, A€, [%]

F82H-IEA JLF-1
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Number of cycles to failure, N; Number of cycles to failure, N;

RB-x: The round—-bar specimen with test section diameter of x mm
HG-y: The hourglass specimen with minimum diameter of y mm

By S. Nogami (Tohoku U.) and A. Nishimura (NIFS) 6



Further Analysis of Fatigue Test

Fig. 1 Set up of specimen and

Stress (MPa)
N B
o o
o o o

)
S
S

-400

laser head.

T T T T T T
2600 th cycle -

10th cy% z"f

I
|+
5000 th cycle
/ -

Elastic modulus

o /(ZOOGPa) -
-0.8 06 -04 -02 0 02 04 06 0.8
Strain (%)
Fig. 2 Hysteresis curves of
#6 specimen.

Fig. 1. The specimen has a part of a round bar with 1.1 mm diameter and 2.0 mm
parallel part length. The laser displacement gage has an accuracy of 1 nm and the
diameter and the total control accuracy of the test system would be considered to be
an order of 10 nm. Two sets of the laser displacement gages were used. One measured
change in displacement of an upper reflecting plate on a support beam and the other
measured that of a lower reflecting plate. By subtracting one from the other, the axial
deformation of the gage length was obtained and the deformation signal was feed
backed to a controller of Piezo actuator with capacity of 150 mm. Load was measured
with a load cell of +/— 1 kN. Test material was JLF-1 and the test was carried out at
room temperature using sine wave under 0.25 Hz. The initial gage length was
determined by the distance between traces of the support beam edges.

The hysteresis curves of #6 specimen are shown in Fig. 2 and the changes in stress
and strain during fatigue are shown in Fig. 3. At the early stage of the fatigue, the
plastic strain component is small and the peak stresses are high. However, the plastic
strain becomes large and stable at less than 10% of the fatigue life (N;). The peak
stresses become gradually smaller and it is recognized that JLF—1 shows the cyclic
softening during the fatigue. Since the standard fatigue specimen did not show such an
increase of the plastic strain at the early stage [2], some different fatigue behavior
might be exist in the fatigue test with the miniature specimen.

T T T T T
400422%&—%%%"653 —0.8
O—O0—0O0—O0——C0—C0—0—-~0-0—-0—0—000
= 200 Max. strain . Jdo4 .
B B N R S iy 01—
% %* oy Strain at O stress (large) 3
> 0 - 0 =
8 Strain at 0 stress (small) 2
& 200 |- N ~-0.4
Min. strain
000 0 0 06 0 0 0 000
-4 : ~-0.
00 | A A ;  Min,stress 08

0 1000 2000 3000 4000 5000 6000
Number of cycles

Fig. 3 Changes in stress and strain of #6 specimen. '7



Further Analysis of Fatigue Test
10

1 1 IIIIII' I IIIIIII' 1 LI

Miniature size hourglass

D]\< Standard size hourglass

Agt (%)
H
\/
/\/;( £

- Standard size
- round bar

_ Miniature size round bar i

01 1 Ll L 1Ll 1 Ll L LLLIl 1 Ll L 1Ll

102 103 104 105
Number of cycles to failure (cycles)

Fig. 4 Fatigue life of JLF-1.

The fatigue life data are summarized in Fig. 4. Four data sets are presented, standard and
miniature round bars, and standard and miniature hourglasses. It is clear that the miniature
hourglass gives shorter fatigue life than the standard hourglass. In case of a round bar, the
data of the standard and the miniature specimens are plotted on the same line. From this
fact, it is recognized that the miniature round bar specimen gives the same fatigue life as
the standard.



Development of small specimen test
technique on fracture toughness using the
miniaturized CT and 3 Point Bending
specimen

B. J. Kim, E. WakaKJAEA),
R. Kasada, A. Kimura (Kyoto Univ.)
Y. Kurishita (Tohoku Univ.)



Introduction (1/2)
IFMIF SR

—. Temperature : ~550°C

—. Neutron energy : 14 MeV |'I
—. Radiation dose : “200 dpa “don!| gpq || DriftTube | |'
Source Linac

Radio Frequency Quadrupole (RFQ)

Low flux
(<1 dpa, 8 L)

—. Good thermo—physical and Deuteron Accelerator ‘

mechanical properties

@ . . . e
L The irradiation volume is very limited.
[ RAFM steels ] U Development of SSTT needs to effectively
— — - obtain the neutron irradiation data.
RAFMs: Reduced—Activation Ferritic/Martensitic
steels \ )

IKjc(med) = 30 + 70 exp[0.019(T — Ty)]

Master curve method (ASTM E1921)

Master—curve method has been developed to evaluate irradiation embrittlement for

pressure vessel steels.
Master curve (MC) method is very useful to evaluate shift of ductile to brittle

transition temperature by using limited number of small specimen.



Introduction (2/2)

. Adjustment of thickness effect 0 Kuc(T)

Small specimen Standard specimen £

K; K 1 3 [ 100 MPam®2
“®  prediction o) s : !

30 MPam!/2 Thickness of small spegimen n § i E Reference

i \, : : %r N E : ! temperature
RJC(IT} - ch(min) +E&JC(B’) T A e(min) ]Lﬁj L i iTu/

; 1/ . ' >

Fracture toughness of small specimen — cT T Temperature

Problem of master curve method of the application to fusion structural materials

500 l' 700 T T T T T T L L
] = | = 1T-CT[12,13] o .4T-CT [14] : ]
RPVs !J i e DCT[12] o 2T-CT[11] RA FMS
| - n 600 a 4T.RCT[12] ~ 3TRCT[12] S
400 1 X A B=25 & 2TRCT[12] © BB(10/10) [13] / :
P o B=30 <« BB(5/5)[13] < BB(3/4)[13] : o/ m
EmS7 840 500+ » BB(7/10)[10] > BB(5/10)[13] / [ I .
jf B B=37 e BB(1.65/3.3)[12]
S 300 = G 5 400 -/
: 2 '_‘ ﬂ % B=75 E i i ]
g . i O B=100 L ' B n
5 200 /Good fitting o B125 = 300- - i
4 0o B=150 E o
KCJ{mean) i 200 ", - ; .
KCJ(5%) =
100 - 4 KCJ 2 4 >
(1%) 100 . o -~ —
— — KCJ(95%) T EREER T=.119 +3°C
0 m == EGNEO% 0 4 V L 1= 1 o 1 —
200 50 00 -0 0 50 100 150 200 -200 -150 ~ ~100 .0 0 50
T-10,°c  Milan Brumovsky et. al (2002) G.R. Odette et. al (2004) T (°C)




Experiment

0:e\,\‘T'es"E materials: F82H-BAO7-std

~Chemical compositions of F82H steel

F82H 0.0 0.002

<+ Fracture toughness test

0.002

<+ Master curve method (ASTM E1921

Kjc(med) = 30 + 70 exp[0.019(T —

To)]

0.017

8y
T

"""""

S -~
' -o\\\’
&

icT 50.8 254 27.8
- 1/2cT 25.4 12.7 13.65
1/act 12.7 6.35 7.75
0.16 CT 8 4 4.13

0.55
0.58
0.61
0.52

Intron 8562 machine




ASTM MC vs. New Modified MC analysis

ASTM master curve method Proposed master curve by KIM
K seqmed) = 30+ 70exp[0.019(T —T,)] K s amea) =20+ 70exp{0.05(T —T,)]

Proposed MC

Key point
(1) Change of parameter

y—intercept : 30 ==P( §
. [

Slope of MC : 0.019  0.05 § ~
@hange of tolerance S I' Improvement
boundary curve "5’ -

-+
Calculation of standard § Problem of ASTM
deviation function b MC method
Temperature

The proposed MC method can solve the problem of ASTM MC method which
has many data below the lower boundary curve at the transition temperature
region.




ASTM master curve analysis

o— 400 ————————————— ——————
30| F82H-BAOT-AS-TL (1 CT data) A 40| F82H-BAO7-AS-TL (1/2 CT data) il
1K _=30+70* 0.019* T 113.09 1K _=30+70% 0.019*(T+100.2 1
L il o L S— | [ i e i The reference
T=-113.1°C e, ASTM limit for M=30 | T0=-1OO.2°C /| J
c® | e = Yo g 1| temperature (T,)
E 200 - , ] 5 200 " / STM limit for M=30 | I
e ™ ol g 1 ’ ASTM limit for M=30 | IS randomly
< 150 4 , J £ 150+ T . i .
- 100: : § = ¢« ¥ o dlStrlbUted
] ] iy ]
: @< e 1CTK (forich | 1 " & ® 1/2CTK (for 1CT) .
oo ,4’./ : 1CTKji((fcc)>:1CT; 1 O )4’7, o 1/2CTK(for 1CT) ) aCCOFdlng ()
0 T l~ llllllllllllll - : ?
250  -200 -150  -100  -50 0 50 100 150 0-250 200 -150  -100  -50 0 50 100 150 SpeC|men SlZze.
Test Temperature (°C) Test Temperature (°C)
400 ——1———7—— 71— . V¢ & w T 40077177 3 SH N B SR PR
| F82H BA07-AS-TL (1/4/CT dat | | F82H-BA07-AS-TL 0.‘1GJ’CT¢d t ]
(14 CT data = (9:18.CT,dats) ] However, the
K, =30+70*exp(0.019*(T+109.24)) | K =30+70*exp(0.019*(T+102.41 ] .
3004 e ) - 3004 K. p(0. (T 102.41)) i
Y e 1] | I Rt 1| difference of T, at
e ¥ 1 i ) the various size
o 1 ‘ ASTM limit for M=30 1 o 1 /! 1 : 1
%150_ .:‘ ' imit for ] §61so- i‘ ; ASTM limit for M=30- SpEClmen |S not a
xﬂ @ ) x—, 1 o’ / i
190 ke | 100 ‘ 2 ._: ® 0.16 CTK_(for 1CT) | ] Iarge about 1OOC
so] Mg~ ® 1/4CTK(for 1CT) | ] &, e %%y | © 016CTK,(for1CT) |
= o O 1/4 CTK,(for 1CT) T L)
] g ] ] &
''''''''''''''' 0 L) T T T ) T T ¥ T ¥ T .
0-250 -200 -150 -100 -50 0 50 100 150 -250 -200 -150 -100 -50 0 50 100 150
Test Temperature (°C) Test Temperature (°C)

ASTM MC analysis can not be evaluated the reasonable estimate of data
scatter, because there are many data below the lower boundary curve.




The random inhomogeneity analysis

The random inhomogeneity (RI) analysis

This analysis was suggested by
Sokolov and Tanigawa (2007)

The random inhomogeneity
analysis is used all non-
censored values to determine T,
estimates

RI analysis is consisted of T,
and standard deviation function

(GTOSD)

description of the data scatter than
conventional MC analysis.

» The reference temperature has
smaller values (15°C) than
conventional MC analysis.

\_

(> The RI analysis provides a better\\

|:> RI analysis is not so good.

400
350
300

250

.\-E i
= 200 4
o
=
=5 150 4 ]
* i ¢
1CT
100 12CT|
i L 1/4 CT
504 ___-- ]
0 — T T T T - 1T T T T T T 1
250  -200 -150  -100  -50 0 50 100 150
Test Temperature (°C)
Total data : 101 data 8 data out of

—. RI MC fitting is good.

\BUt' T, is bad.

boundary curve

Not Enough

Bvung Jun Kim, R. Kasada, A. Kimura, E. Wakai, H. Tanigawa, Journal of Nuclear Material, submitted, 2011



New Modified Master Curve Analysis

400 % T & ¢ & g & 5§ Fr & T T 7 400 — T T T T T T T T
ss0| F82H-BAO7-AS-TL | (1 CT data) i ss0.| F82H-BAO7-AS-TL (1/2 CT data) ]
{ K _=20+70*exp(0,05*(T+102.06)) 1 s 2 " J ] . .
s 8 it S 00| K,c=20+70"exp(0.051(T+105.27) 11+ As the specimen
1T _=1021%C, oT _Z31.3c  ASTMImitlorM=30; | SR " ]
4 2 '~ T osP| = il al =- 2 , 0T _4£=31. ] . .
R T e =1 ™ [ o ASTM limit for M=30] Size Is decreased,
5 200 [ . 5 200 f‘. / B
g | HE j ® ! the reference
gﬁ o = . éo 150 - oo ]
] ’ T ol e ] temperature (T,) is
l / ] H l
] 7 ® 1CTK,(for 1CT) | ] i ® 1/2CTK(for 1CT) |
= | R, . o 1CTK,for 1CT) | ] o ll . o 12CTK,(for 1CT) | ] decreased.
0 L2 T 2 T L T *: T L T % T ' T ¥ 0 T L T T T T T T
-250 -200 -150 -100 -50 0 50 100 150 -250 -200 -150 -100 -50 0 50 100 150
Test Temperature (°C) Test Temperature (°C)
400 : T Y T : T I T Y T Y T z T p 400 T T T T [T LI ! ! !
s F82H BA07-As‘-Tg (1/4 CT data) | 30| F82H-BAO7-AS-TL (0.16 CT data) 1l However. the
1 = * - ke 1 1 £ )
- KJC 20+70 exp(OOS (T+111g)) i 300 - KJC=20+70*6XD(0-0‘5*(T+1;1 321)) i !
] - 0 Jics ) ] | | ] .
250 ] Tose™111.9°C, G“TOS‘P‘_31'3‘C ] o 2s0] T=113.2°C, o =31.3C ] dlﬁerence Of TO at
E 200 | . € 200 . ‘ - the various size
% [ ASTM limit for M=30 1 % ; [ ! 1 . .
<% 150—. ’ .:! ‘ - % 150 — i ‘ / ASTM ||m|tf0rM=30j SpeCImen IS not a
100 4 °/e j - 100 H e 4
] /. e ] /o o ® 0.16 CTK (for 1CT) | | 0}
-~ (e ® 1/4CTK(for 1CT) || - , :: " o 0.16CT Kj;(for1CT) ] Iarge abOUt 1 0 C
| R 5. o 1/4CTK,(for 1CT) |} | 1
0 e ————t—————————— ———— 0 e e
-250 -200 -150 -100 -50 0 50 100 150 -250 -200 -150 -100 -50 0 50 100 150
Test Temperature (°C) Test Temperature (°C)

New Modified MC analysis can be evaluated the reasonable estimate of the
data scatter, because all data are located inside of tolerance boundary curve.




ASTM MC vs. New Modified MC analysis

ASTM master curve method New Modified master curve
400 — T % & £ T 1/ L7 L B (U HE 400 — T T T T T
F82H-BA07-AS-TL/ All data) F82H-BA07-IAS TL fAu data) |
300 K,c=30+70"exp(0.019*(T+106.84)) / ] 0| K, B0+70%exf(0.08NT#110.2)) ]

| = 2 . / | 7 o N o
T i B i 20 Toe=1102°C, 0T} ,=31.3°C | ]
v—E 4 7 :E | ]
o 200‘- . © 200 4 . / i
2 150+ . = 150 .
=2 1T . CO * / = 1CT
X
100 12 CT - 100 v / e 1/2CT -
1/4CT | 1 1 xt v A 14CT | ;
S0t 0.16 CT| T 20~ S ol D v 016CT| ]
0 v T v T T v T v T ¥ T ¥ 0 T T '-—_I—,L_ 2 T g T T T ' T 2
-250 -200 -150 -100 -50 0 50 100 -250 -200 -150 -100 -50 0 50 100
Test Temperature (°C) Test Temperature (°C)
ASTM MC analysis New Modified MC analysis

Specimen size T, Out of data Reliability T, Reliability Number of data

1CT -113.1 5 75% -102.1 100 % 20
1/2CT -100.2 8 72% -105.3 100 % 28
1/4CT -109.2 9 83% -111.9 100 % 53
0.16 CT -102.4 5 87% -113.2 100 % 38
02—~

1
Fotet =106"3 27 8T% =110.2 00 % 39




Effect of specimen size

Effect of specimen size

Relationship between specimen
thickness and TQ

Reference temperature, T ('C)

-90

-95 4

1CT

I ASTM MC i
I Proposed MC

26T 1/4 CT 0.16 CT Total
Specimen size

Reference temperature, T (°C)

-100

_Pfonbséd Mc'anélysiS

s

o

o
1

y=-100.5-20.2exp(-t / 9.7)
-110

lo.16 cT/® 1/4CT

-115 -
t : Specimen thickness

y : Reference temperature

-120 — 7
0 5 10 15 20 25 30
Specimen thickness, t (mm)

~N

In application of proposed MC analysis, we would be able to predict the
reference

~N

temperature (T,) of standard size specimen using the
miniaturized CT specimen through our calculated equation.

Small specimen test technique (SSTT) using the miniaturized CT specimen
can be applicable to evaluate the fracture toughness for F82H steels. Yy,




Univ.)
200

= =
Ul o Ul
o =) o

K;c(25.4mm), MPa-m?/?2

o

K;.(med) =30 + 70 exp{0.019(T-170)} MPam?5

Master Curve Analysis of F82H Using
Kurishita (Tohoku 3Point Bending Small Size Specimens

® B=6mm, valid
® B=3mm, valid

A B=6mm), substituted
AB=3mm, substituted

e KJC(med)

| ®@B=5mm,

- KJc(0.05)
- KJc(0.95)

AB=5mm, stibstituted
« KJc (0.01) | BN/!B =0.6
50 100 150 200

Temperature, K

K;.(0.01) = 23.5 + 24.4 exp{0.019(T-170)}
K,.(0.05) = 25.2 + 36.6 exp{0.019(T-170)}
K,.(0.95) = 34.5 + 101.3 expt0.019(T-170)}

250

from ASTM code E1921

1. Dimensions for 3PB tests

4.

3x5x25 mm? :~1/8T
5x5x25 :~1/5T
6x 10 x50 ~1/4T

Deep side -grooving required

[B,/B = 0.6 yields an analyzable dataset.

[Most of the K; values with By/B = 0.7
exceed the ligament constraint limit.

Reasonable T, value obtained

T, =170 K : similar to that from
lager specimens or CT tests

Downward-shifting in the dataset
[More data population below the lower
bound than expected from the probability.
(some of the data stay even below K ,(0.01))
[Jeems contrary to the size effect:
deep side-grooving effect?



Adjustment of the exp. term in the curve

Kurishita (Toho
Univ.)
200 : . 200
® B=6mm, valid ..' NN ® B=6mm, valid
= ® B=3mm, valid ¥R § ® B=3mm, valid /
5150 TAB=6mm; substituted | s 5150 TAB=6mm, substituted /
o AB=3mm, substituted | § 8 o A B=3mm, substituted
= |, KIC(med 1y A 2 |4 KIC(med 7~ °
~—100 # ~100
E - KJc(0.05) ° E - KJc(0.05)_—~",
F - KJc(0.95) < * KJe(0.95)
@ 50 @B=5mm; ® & 50 @B=5mm;v
S AB=5mm, § 'Fo = 158 K S AB=5mm, s
X B /B =0.6 X - KJc (0.01
0 KJc(0.01) . N 0 Jc (0. | |
50 100 150 200 250 50 100 150 200 250
Temperature, K Temperature, K
K;.(med) = 30 + 70 exp{0.04(T-158)} MPam?? K;.(med) = 30 + 70 exp{0.01(T-181)} MPam??®

A modification from exp{0.019(T-T,)} to expi0.04(T-T)}was proposed for better data fitting
(0.35T C(T)).

by R. Bonade, et al., J. Nucl. Mat., 367-370(2007)581
1) The modification does not improve overall fitting for the obtained data.
2) A smaller temperature dependence, exp{0.01(T,-T)}, does not also improve the

data fitting.
3) The ASTM code provides a better result: needs to look for another type of

modification?



Miniature Notched Tensile Test Method
T. Nozawa(JAEA) for Composites

 Beneficial to control crack propagation - improved reliability & reproducibility
* Need to identify the slow crack growth issue at elevated temperatures
- Essential for lifetime prediction

Supporttabs Support tabs T. Nozawa, et al, J. Nucl. Mater. 417 (2011) 440-444.
‘,/ - 200 4+
| s .
| | P/W CVI-SiC/SiC B 0-degree
: : --H-- 30-degree
. : —[3--45-
: : 150 Notch insensitive line 45-degree T
! +->lk—
i i ‘© P(a,) _ P(a; =0) ay
o ol | XLI o = 1-—=
< | = S| - % i = W W W
: o' = 100 M T L
! : gauge g —-
/T i )
Strain | i ' o
gauge | ! : y o
i : Fiber longitudinal 50 B
: i direction i
o,/ (6=0,18,30and45)
4 4 90 =13
un-notched notched (Unit: mm) 0 o 02 04 0'6 0'8
specimen specimen
aOIW
Miniature specimens developed in this R&D Evaluation of the notch effect on tensile properties

- Identifying notch insensitivity gives some implications about the
correlation between energy and stress (strain) criteria.
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Fracture Resistance Test Method ‘ - | [
for Composites T Nozawa(JAEA) P07 s R

« Evaluation of “brittle-like” composites is
essential for the design

 “Fracture toughness” based on linear fracture
mechanics cannot be directly applied

- New parameter of “fracture resistance”
for brittle-like composites

COD gauge Fracture Resistance, G [ /
= If_r-AIuminum tab ol a(XNt ) 200 - ° 3.6
| . for COD gauge G= 9 = . _
| a ( W) :

I': Crack surface formation energy
“\Notch width< 0.5 t: specimen thickness
10 L 10 | 10 | 10 W: specimen width
T30 a: initial crack depth
x: load-line displacement

=
o
o

>
”
N
[e0)

Load, P [N]
H
a (6
o o o
i ""\.\\
:Eh__"ﬁ '\.
% ™
- /
/
N w
N N
Notch + Crack Length, a [mm)]

 Successfully applied to neutron irradiation study

to show no radiation-induced degradation of f\ { :
fracture resistance
0 01 02 03 04 05 06

[ K. Ozawa, et aI., J. Nucl. Mater. 417 (2011) 411-415 ] Loadpoint Displacement, u [mm]




