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Radiation Effects

The macroscopic, observable, and often
technologically crucial results of exposure
of solids to energetic particles are
collectively known as “radiation effects”.

Radiation Damage

The primary, microscopic events that precede
the appearance of gross changes in the solids.
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Time Scale

Pt P P P Pt Pt P Pt P Pt

A & Energetic particles (Bombarding particles (E) ):
*Neutron (fission: 1~2MeV ; fusion: 14MeV )
*Charge particles (fission fragments, (fission) )
(P*, D*, T*, He*,.....(fusion) )
(other ions , accelerators)
<10-1isec  °Electrons (accelerator , HVEM)
*Photons ( y -ray , X-ray)
&€ Interactomic potentials: { screened , partially screened
un-screened ....}
& Primary Knock-on Atoms: PKAs
PKA energy loss ;(0E/0x ), (displacement) , (0E/ox), (heat)

P P Pt Pt Pt Pt

& Secondary Knock-on Atoms (E”) , cascades , spikes, ...

<seconds ‘@ Migration to sinks : Recombination , defect clusters ,
l microstructure changes

~~~~~~~~~~ _ strength , fatigue , ductility ,
Hours, days, @ Mechanical Property changes creep . swelling , electrical

months Physical Property changes [ @S iSEE IE GEOS I S BT 7. A
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ductile-brittle transition temperature (DBTT)

or nil-ductility temperature (NDT) .

brittle fracture ductile fracture

The nil-ductility temperature increases dramatically with neutron exposure.

Four broad categories of mechanical behavior are pertinent to
reactor performance:

1. Radiation hardening

2. Embrittlement and fracture
3. Swelling

4. Irradiation creep

Radiation hardening means the increase in the yield stress and the ultimate
tensile stress as a function of fast-neutron fluence and temperature. However,
the strength of fuel-element cladding is most accurately represented by creep,
since the internal loading on the cladding never reaches the yield stress.

Embrittlement of a metal is measured by the amount of plastic or creep
deformation that occurs before fracture. Fast-neutron irradiation invariably

renders a metal less ductile than the unirradiated materials.
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Theories of Radiation Hardening
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=Radiation Hardening is attributed to various defects:

point defects (vacancies & interstitials)

. Impurity atom (transmutation products)

. small vacancy clusters (depleted zone)

. dislocation loops (v-type and I-type)

. dislocation lines (loop increases up to large enough)
. cavities (voids and helium bubbles)

. precipitate (in steels, intermetallic phase or carbides)

~No o~ wNBR

The items from 3 to 7 are more important.
*point defects and impurity atoms are believed to contribute
negligible to hardening compares to the defect of the large defect

clusters.
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§18.6 Hardening by Impenetrable Obstackes
—Precipitates and Voids

> Adislocation line moves through a field of impenetrable obstacles

by around them.
—precipitation
> precipitates :

A dislocation “feels” the presence of such a particles via the
before actual contact is made.

> precipitates:

The dislocation must physically contact the particle
before the interaction force is

ta)

»The dislocation motion is the same manner gy s E+mapmEEHE b
as a source operates. center for Energy and Environmental Research
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py V-notch test:

. s}j_ze and shape:

~ ner height h,

al-impact energy
The dlfferent between the initial and
final heights of the hammer (h;-h,)
give the energy absorbed by the

specimen in the fracture process

BDTT: Ductile-Brittle transition temperatur
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N I

D + T — *He (3.5 MeV) + n (14.1 MeV)
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Triple beam ion implantation system

Beam from
98DH Tandem Accelerator

_Beam from { Beam from
lon implantor Van de Graaff Accelerator
Bellows
Gate valve

Viewing port Viewing port

Turbo Pump lon gauge

K
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Triple beam implantation diagram
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Comparing the results of 800C,1000C and
1200°C/high dose dual - triple-ion beams

He bubble

condition

SiC \EaiE HNS SiC fiber

size(nm) | densitv(/m’) | size(nm) | density(/m’)

800G /100dpa/

I | 2.38+0.42 0.128% X X
15000appm/6000appm
1000°C/100dpa/ 3.610.53 | o oo, .
2 15000appm/6000appm 0 41331 = amt 1.98+0.28 1.62:10
37 | 800°C/100dpa/ 15000appm 8.5+1.4 0.13% X X
I Pl
2 1000°C/100dpa/ - . y
4 | ﬁﬂﬂﬂﬂppﬂll 3047 1.77% 1.540.1 9,910
- 1000°C /50dpa/ 15 Not ,
(Lk
) 63000appm/2000appm 4.5 mentioned Not mentioned
: 1200°C /80dpa/ 3.41£0.77 L rein e am 1
0 12000appm/4800appm | 12.27+1.86 | L-27 L7=0.41 S
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Energy shifts of He K-edge are
given with respect to the free
atom value of 21.218eV

1.4 4
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1.2 - . to Lorentzian Funetion
- T
— ™
> 1.0 4 :
. ” atrix "
E 0.8 g Tl SRR
: 25
D o6- ‘
>' ] 15F
o |
o ™
W o.2-
0-0 L l L ' " ' '

L ' L b L
0.00 0.02 0.04 0.06 0.08 0.10 0.12

1/R(A-1)
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He distribution after diffusion
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Incident dose of He: 2.97 x10%°
D(cm?®/s) =1.38x107"" exp[0.91(eV / atom) / KT |

lons/cm?

AE(8V) = go.lsi 0.02) +(10.26:£0.32) x (L/ R(A)

Ref. Journal of Nuclear Science and Technology, 41, 751

0
He
: Implant
Bubble | Energy | densit Helium :
i : . Ing He
10 dpa Bubble Density | Shift y #/bu Density 9% He %
Size (nm) (1/m?) (eV) (#/n bble Jom? density
(#/cm*) (#/cm?3)
m>3)
900°C/triple | 2.16+0.29 | 6.19x1022 1.13 41.3 218 1.35x101° | 1.75x10%° | 77.2%
1000°C/triple | 2.20£0.36 | 7.81x1022 1.11 40.6 226 1.77x101° | 1.24x10'° | 100%
1100°C/triple | 2.3810.43 | 3.1x10%2 1.0 38.5 272 8.42x10'8 | 9.14x10'8 | 92.1%
1200°C/triple | 2.82+0.45 | 2.04x102 | 0.91 34.1 | 401 | 8.18x10%8 | g.49x10%8 | 96.3%
1300°C/triple | 2.32+0.32 | 2.10x10%2 1.06 39.2 256 5.38x1018 | 7.92x10'® | 67.9%
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HTTR in JAEA Orari

HTTR Main Objective

High Temperature Engineering Test Reactor

__d

Control -
room

Establishment of HTGR technology
- Grasp HTGR operation performance

- Demonstration of inherent safety feature

Establishment of heat utilization
technology

- Demonstration of hydrogen production
system

Major specification |

Thermal power 30 MW

Fuel Coated fuel particle /
Prismatic block type

Core material Graphite

Coolant Helium

: Inlet temperature 395 °C
e amment vesseé Qutlet temperature 950 °C (Max.)
Reactor pressure vessel Pressure 4 M F‘a

Intermediate heat
exchanger (IHX)

Center for Enﬂg;y and' *Enmmnmmmf Research



@) 3. HTTR facility (1/3) Fuel block

Fuel handing hole
Fuel kernel,600 1 m Dowel pin _d&ss —E R
High density PyC . Plug ol ¥
_ SiC Nl Fuel
Low density PyC 0 : 920 1 m compact
S Graphite
8m | sleeve -
| Coated fuel
particle
39mm
ﬂ _ 7 34mm ~ Dowel socket
=mm 360mm
B Fuel Fuel block
compact rod
BYFEALEMFHREEHETP
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Materials and service conditions of HTTR high temperature components

Material Service conditions Maximum
Components Design Design allowable
i t t
Material Product form temperature pressure” emperature
Reactor pressure vessel 440°C 4.8 MPa
Plate. Shells of intermediate heat
2 1/4Cr-1Mo forging, exchanger, primary pressurized 430°C 4.8 MPa 550°C
steel pipe water cooler, etc.
:}il;t:ide pipe of concentric double 430°C 4.8 MPa
Intermediate heat exchanger heat 955°C 0.29MPa
Hastelloy Tube, plate, | transfer tubes . 1000°C
XR forging ;
Ln;::lr:redlate heat exchanger hot 940°C 0.29MPa
Primary pressurized water cooler o
susa21 Tube heat transfer tubes 380°C 4.8 MPa 650°C
SUsS316 Bar Core restraint mechanism 450°C - 650°C
;::';:?'EMO'V Forging Core restraint mechanism 450°C - 450°C

*: absolute pressure,

Note: Control rod sleeves are made of Alloy 800H, whose maximum allowable temperature at a scram is 900°C. ;
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Material and weld lines

N

J
i

L

Forging

i

Seamless pipe

Plate
Forging
/ - _— Forging
__|" — — |,‘- )
| 5 [Forgng|
L-F - _«;I- Forging
I - —
1 [ e | o !
Flate
—— Plate
Seamless pipe
|Te* |
| S |
. a I g )
eV
- ) f’\ +— Plate

Forging

Plate

E 2 1/4Cr-1Mo steel (normalized and tempered)

Type JIS ASTM (equiv.)
Forging SFVAF22B | A-336 Gr.F22, CL.3

Plate SCMV4-2 A-387 Gr.22, Cl.2

Pipe STPA24 A-335 Gr.P22

Large forgings

F HTGR specification
J-factor = (Si+Mn)(P+Sn) x104 < 100

(Si, Mn, P, Sn : wi%)

—L;k Plate
Forging Foraing X=(10P+5Sb+4Sn+As)/100 < 10

(P, Sb, Sn, As : ppm)

RTypot (Reference Temperature) < -20 °C

5
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Effect of neutron fluence on the change in vTr41J

- A RS42 (1.1 [EBE“E} i
140 O AS42 C1.1 (277°C)
¥ A542 C1.1 (315°C) Fa
12D_ < AS42 C1.1 [ﬂll'll:l'c max. ) -
B A3R7 Gr.22 C1.1 (440°C max.)
@ AJR7 Gr.22 C1.2 {440°C max.) A
¢ A387 Gr.22 C1.2 Depo.(440°C max.) =i
100 e A387 Gr.22 C1.2 HAZ (4408 max.)
& AIRT Gr.22 C1.2 Lab. heat
E 80l H'ﬁh \F:rgﬂui P fﬁntg CE“}EEE% [1] |
. ©JIS SFYA F228 0 °
E (384 to 402°C) 3
|-"-; 60 Figures in ( ) show irradiation temperature v 9
£ a0+ 4
5
£ 20 - -
= ﬂ O A v,
Q t <@ &
b— | .0. =
0 = o
-
=20 q o o .
L i g gl N I B R E T L L 1 aaanl 1 | AW A |
10" 10" 10" 10%°

Neutron fluence, n/cm? ) 1MeV
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Graphite was irradiated at 600°C
epth: 1L.5um
Dose: 0.6dpa
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HRTEM images from the reglon of different doses
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Calculation of storage energy in nuclear grade graphite

only c- axis atc axis
dosé(dpa) d spacing(nm) stra@n of c strain rising ) strain rising )
spacing(9%) energy(cal/g) | temperature(C) energy(cal/g) temperature('C)
500 0.6 0. 344%0. 002 2.4 404 105111 81£9 215122
3 0. 35510, 002 5.7 222124 536155 518152 1368128
5 0. 361%0. 003 7.6 279120 735154 847159 2087146
10 0. 3810. 007 13.5 791447 20871123 26811158 7073417
600 0.6 0. 35810. 002 6.7 108£11 264127 397138 1008193
3 0. 36210. 002 1.7 289128 670166 793183 2014223
5 0. 372%0. 004 10.8 308+11 78326 1057+38 3465126
10 0.396 £0.011 17.8 764 118 1939 1299 3624 558 9197 11416
700 0.6 0. 357+0. 002 6.3 8318 199£20 31633 T77+79
3 0. 359%0. 002 1 209+19 483+47 584159 1434%145
5 0. 365%0. 003 8.6 249121 612153 845173 2076x176
10 0. 38910. 01 16.1 691t 176 1697 187 28281311 69471764
800 0.6 0. 35510. 002 5.8 6318 160%18 263130 630165
3 0. 357%0. 003 6.3 160x18 36639 447+42 1069196
5 0. 363+0. 004 8.1 19921 475150 ‘F4f - 1§§}f_76
10 | 0.382+0.006 13.6 617494 14754226 516647




strain energy(cal/g)

4000
3500 —
3000 -
2500 —
2000 —
1500 -
1000 —

500 —

=

atc axis

—m— 500°C
—e—600°7C
| —A—7007C
—v—800°7C

0.340 0.345 0.350 0.355 0.360 0.365 0.370 0.375 0.380 0.385 0.390 0.395 0.400

c-spacing(nm)

Strain energy changes due to different c-spacing(c+a -axis)
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High-temperature corrosion of
Inconel 625 In supercritical water

Mass change

Compared with w'=kt » n=2.21 >
e k=1.4x10"5 mg2/cm*/hour > nis
E -0700 - approach to 2 » It matched the
= parabolic curve .
a‘h -0.800 - log(w)=0.4534t- 2.1989
; 1
£ .0.9000 -
5
E -1.000 -
= |
]
2 -1.100 -
-1.200 . e
220 240 2.60 2.80 3.00 3.20
logarithm of exposure time (t) SRR P
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Cross-section Investigation for TEM

The EDX analysis and the electron diffraction patterns of the
oxide layer for Inconel 625 after exposed to 8.3 ppm D.O. SCW at

600 ° C for 600h.
0.59 +0.08 #m outer large oxide 600h
particle, T — W ;. .,

Full scale = 1.79 k counts Cursor: 5.4075 keV

A Elmt Atomic %
0.27+0.05 zm { 0 K917 -
. e A CrK22.54
Ni K 7.46

Cursor: 4.9475 ke¥
Elmt Atomic %
O K69.42
CrK 26.76
NiK 3.42

Full scale = 2.38 k counts
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Radiation Effect

|mplanted on Inconel 625 at 600 Cto 15 dpa

Dlslocatlon density = 1.2X10%tm
Dislocation density of as-
recelved Inconel 625 =1. 2X1O20m'3
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