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Gen IV Fission Nuclear Reactors
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A Technology Roadmap for Generation IV Nuclear Energ\y Systems, Dec. 2002
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Shanghai Institute of Applied Physics, Chinese Academy of Sciences

v' CAS "Strategic Priority Research Program" by SINAP-Thorium-based
Molten-Salt Reactor Nuclear Energy System (TMSR)
» Research and development of molten salt reactors for thorium utilization as nuclear fuel,

aimed for self-sustained Th/U fuel cycle.
> Research on multipurpose applications of high temperature nuclear energy.
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Current Status of TMSR Program
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Molten Salt Reactor- the Fourth Generation Fission Reactor

Service environments
® High temperature (650°C)
® High neutron doses (> 10 dpa)

O MSR material is a specially
developed high temperature

corrosion resistant material
® Corrosive coolant (FLiBe)
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UNS N10003 alloy & Nuclear graphite

O The most promising structural
materials for MSR : Hastelloy N alloy &
GH3535 alloy (UNS N10003 alloy)

Alloy 7 16 5 - Max 0.5 -  bal.

Ni: high temperature, molten salt corrosion resistance
Mo: solution strength; Cr: oxidation resistance
Ti: irradiation embrittlement resistance

O Very good corrosion
resistance in molten salt

O Operated successfully in
MSRE for nearly five
years

O Still the best choice for
the MSR structural
material

O Ultrafine-grain nuclear
graphite used for MSR : NG-CT -
50 & T-220

High purity: Boron
equivalent<2ppm
High density: >1.7g/cm3

High Strength: Tensile >
20 MPa

Graphite properties used for MSR
® High isotropy: < 1.1

® Excellent High Temperature Chemical
Stability (~3000 <€)

® Irradiation resistant materials (~30dpa)

® Micropore (<1m): Preventing molten
salt infiltration
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@ Research Progress of the UNS N10003 alloy

® Fabrication, Corrosion & Mechanical Property Testing
® Neutron and Ion Irradiation Activities
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Nickel-based UNS N10003 alloy

O Technologies for the smelting, processing, and welding of a Nickel-based
alloy, UNS N10003, China standard 6H3535

GH3535 : A nickel-based alloy with an outstanding
corrosion resistance in molten salts
E  Technologies for smelting (10 tons / ingot), processing &
welding; performance comparable to Hastelloy N
B Deformation processing technologies for nickel-based
alloys with high Mo, the largest UNS N10003 seamless

pipes.

hot pipe
extrusion processing

Welding

Us s s
Capability China Haynes b uow B e
- Chinese Patent
Pipe 168mm <88.9mm ST S

Diameter = —hes CN103966476A

Performance Test Report Component ( head )

Seamless alloy pipes for the
primary loop of MSR



10
— P | ) sABLR

Alloy corrosion control

O Solving the corrosion control in fluoride salt ( GH3535 static
corrosion rate < 2um/y ) !

Investigating Corrosion Developing Corrosion Control Technology
Mechanism F Design Optimization : Optimize the composition
of alloy, degrade diffusion of Cr;

F Salt impurities;
' El ts diffusion: ) F Salt Purification: Modify purification technology,
ements dirusion, control the impurities content;

¥ Mass transfer; E Surface modification: FTD coating, improve the
corrosion resistance;

800 15-
. H0F ' _ EmGH3535
g 20 | Bes‘fw g E s Hastelloy N ,.
gg? igﬁ 'Corrosion Ratio )/~ %10‘ mmere GH3535 exposed to |
H 300 x| / \// 35 700°C @FLiNaK impur'i‘l'y FLiNaK
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Progress in Alloy - Mechanical Evaluation

Properties.. RequuemqeﬁlltssinAS}[E C Di“fl ess Current status . Source., W Required data ™ Current status
Elastic modulus 25700 30C mterval . Complete., fmished ., ASMENLD, Haynes.
Posaion..3 ratio . 2570072 307 mterval . Complate . fmished . SINAP.,
Density., 23700 30C interval - Complete. fnished , SINAP,
Thermal conductivity .. 2570070, 30 imterval . Complatz., finishad . ASMEILD,SINAP. ;
Linear expamsion 25700°C. 50T nterval Cofuplete . fmished . SINAP. L
Heat capacity. 23700 30T interval . Complste. finished., SINAP,
Basemetd ;. T3700C 30 Cntervdl - Completz. Fished , ASVERLD.
Base metal S 23700 30T interval - Complete. fnished , ORNL, SINAP,
HO-T00C 30 CmervdOp -
Base metal St e fcwc;h Incomplete, ﬁsam to SINAP,
Buemetd Smr. | 20O CEENELY | poomplee, | 700Cup to 300000 | 9
T0700C 30 Cinterval,
Weldment Smt. Up o 300000k . Imcomplete. I
Weldment 5t __ 10T0T, Tncomplete tnt SINAP,
o | s0Cmterval:-Up to 300000k, S 3
$50-700C Tncomplete = ’
WeldmentR: | 50Cinterval Up to 300000k, . ® Required data m Complete status
Balt S, 257000 25 Cintervl,, | Complete. fmished, ASNEILDL.
- P, i 630 Cup to
450-700Cs 50T mterval: ! SINAP,
Bolt St 2| meomplete, 30000k
Up to 300000k . e .
5 - P — 630 TCup to
Isochronous stress-stram | 430-700°C. 50°Comterval | . SINAP,
Incomplete, 30000k ,
s, U to 300000k, 700Cup to 30000k, . b
25, 600 630°C SRR E
Desigued Gtgue s | 5003, 1500 Fateme | lncomplete, | cumiae, e SINAP. =
: rupture cycles: 108~ 10%, fupturs li‘ﬁe]m up to -
Ceep-fatigue envelop. | No defined requitements . | Incomplete, | 630°C, 1% straim. SINAP.
630°C%. 0.6% strain. s
Vield stress . 25700 50°Chinrerval, Complete. fmished, | AMEILDSINAP
Ultimate tensile strength.|  23-700°C 30 interval . Complet. fmished, | ASMEILR,SINAP
Vield strength reduction | 650C700C; Upto SINAP, . .
o) 00000, icompet, | 450t 200G o : Time-related data such as creep and fatigue are
Ultmate tensile stren, 630CTOC; Upto Tncomplete a SINAP. . o
seducton . 300003 approximately 35% complete (300 000 h).

® A database of high-temp. mechanics of alloys has been established, the current
data can support the operation of the experimental reactor for around 10 years.
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Progress in Neutron Irradiation Test of TMSR Alloy

O Finish irradiation test on Hastelloy N @ T=650 °C, dose=2.5E19. PIE indicates that after
irradiation the yield strength slightly increases, whereas the elongation keeps stable.

. NPIC = E&#HHH R gtk

NUCLEAR POWER INSTITUTE OF CHINA

O Finish Irradiation test on Hastelloy N and GH3535 alloys (base metal & weld metal) @
T=40 °C, dose=2.5E19 & 1E20 th = T2 5B

CHINA ACADEMY OF ENGINEERING PHYSICS

Cu ‘Dm Ev Fis Gu  Hs
C=0C=0—0 =4 |5 -
-_lﬂ foe - Ziwiz|
=
B
]

O High Dose (3 -15 dpa) test on GH3535 alloys to be
conducted in 2019 @PSI
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Irradiation damage of UNS N10003 alloy

» ORNL report & FHR white paper: irradiation embrittlement

70
—H— As received
I ® Annealed 2h at 900c
: . . : 60 | A ORR, 1.4*10”
Considerations of Alloy N for Fluoride Salt-Cooled High- _ - v MISRE, VESSEL-1.310"
Temperature Reactor Applications — —4— MSRE, VESSEL-2.6"10"
- o o e \o 50 - —p— MSRE, CORE-1.3*10”
\ -.j»:|_l.| Ren .'.f--:-:m-:ae_an Muralidharan, Dane F. Wilson and David E. Holcomb e/ | —e— MSRE, CORE-9.4*10%
[+] Author Affiliations c 40l —&— MSRE, CORE-1.5*10""
2
"ch' L
> 30 | > 1E20 n/cm?
FHR Materials, Fuels and o I
@ F H R Components White Paper L 20r
i pectcai Integrated Research Project Workshop 3 I
g ) P 10 - ORNL-TM-1997/
Fluoride-Salt-Cooled High Temperature Reactor (FHR) - 2359/2647/3063
Materials, Fuels and Components White Paper ot——t—t 1 1 . I . 1 .| L1

0 100 200 300 400 500 600 700 800 900 1000 1100

Test temperature (<€)

» Hardening embrittlement: displacement cascade damage

> Non-hardening embrittlement: He embrittlement (grain boundary
segregation of helium bubbles)
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Ion irradiation experiment (GH3535 alloy)

6.5

Type of ions 8MeV Ni* ot
_ y=3.16 +1.55x
Ton dose 5x10'4, 2x1015, £ 55 |
(ions/cm?) 1.2x1016 & > An 1/5-power law
Irradiation E 45 L X y=3.16+1.16 x %1° dependenc':e of the
damage (dpa) 0, &, 12 _EZ' 600°C hardness increment
Temperature RT & 600 °C 53s on dpa is obtained
@ R 2.5
5 o 0 3 6 9 12
1pm % lon dose (dpa)

2pm

Ao, =a-M-u-b-vN-D

3um Peak damage

a: obstacle strength (0-1)
M: Taylor factor (3.06) 3

y: shear modulus 3
b: Burgers vector
N: Number density of defects 2
o D: Mean size of defects
2 e o | 1
> The presence of defects is the main reason for
irradiation hardening s S . : o\
> Temperature effect of irradiation hardening lon dose (dpa)

H.F. Huang™ et al, J. Nucl. Mater 497 (2017) 108

14

Sqr value of N-D (107 m'?)
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Ion irradiation experiment (Hastelloy N alloy)

Irradiation damage peak region AFM: Irradaition swelling of 2.67%
(a) 1x10%7ion/ecm? (b) 3x10'7jon/cm? (3%x10'7jon/cm?)

unirradiated region

50

sl © e Fing Curve — Feang Guree : : :
I oo — soener | | > Helium bubbles formation under high
temperature irradiation

> Helium bubbles cause the irradiation
swelling and also the hardening /

embrittlement

H*(GPa®)

5 1 1 1
0.000 0.002 0.004 0.006 0.008
1/h(nm™)

G6.H. Lei, H.F. Huang et al, J. Alloy. Comp. 746 (2018) 153
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@ Research Progress of ultrafine-grain graphite

® Property of Ultrafine-grain Graphite
® Neutron and Ion Irradiation Activities
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Fabrication of Ultrafine grain graphite

O Development of the ultrafine grain nuclear graphite for TMSR,
involved in the establishment of ASME code of MSR nuclear
graphite.

/ Nuclear graphite : moderator/reflector\

® Industrial production technologies of
Chinese ultrafine-grain nuclear graphite

® Pore diameter < 1lpm, ensured better
infiltration resistance than existed nuclear ASME
araphite

® Establishing database of its performance &
deep involvement in Intl. Std. for MSR

Knuclear graphite /

———

Ultrafine g_l:ainf
Nuclear Graphite

SSSSS

Provision for ASME code
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Properties evaluation of ultrafine-grain graphite

O Conventional properties of graphite
® Properties of thermal, mechanical, and physical, etc. (Already completed)

O High-temperature properties of graphite materials
® High-temperature modulus of elasticity (In progress)

® High-temperature thermology (thermal conductivity, coefficient of thermal
expansion) (Already completed)

O Non-conventional properties of graphite
® Fracture properties: Effect of cracks (dimension, morphology) on mechanical
properties of graphite (In progress)

® Fatigue properties: ( S-N curve, Goodman curve, Sinosteel AMC ) (In
progress)

O Performances of graphite materials in molten Li,BeF, (FLiBe) salt
® Compatibility of molten FLiBe salt with graphite (Already completed)

® Mechanical properties for salt-impregnated graphite (tensile strength,
compressive strength, flexural strength) (Already completed)
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Conventional property data of ultrafine-grain graphite

Ultrafine-grained Ultrafine-grained

Bulk Density(g/cm?3) 1.87+0.01 SINAP 1.79+0.01 SINAP
Specific Heat Capacity(J/gK) SINAP SINAP
Thermal Conductivity(W/m-K) SINAP SINAP

Open Porosity(%) SINAP SINAP
Expansion Coefficient SINAP SINAP
Boron Equivalent of Graphite . Chengdu Carbon Co.,
Tmpurity(ppm) Sinosteel AMC Ltd
Pore Size(um) 0.95 SINAP 0.83 SINAP
Young's modulus(GPa) Sinosteel AMC Chengdulﬁgr'bon Coti
Anisotropy Coefficient SINAP SINAP
Two-parameter Weibull
Distribution for Tensile SINAP SINAP
Strength (MPa)
Tensile Strength(MPa) SINAP SINAP
Flexural Strength(MPa) SINAP SINAP
Fracture Toughness ( Ky )
MPa.m?/2 SINAP SINAP
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Infiltration behavior of graphite exposed to molten
FLiBe salt under different pressures

{ —=—1G-110 FLiBe-700°C-20h
144 —®  NBG-18

| —&— NG-CT-10

—w— Ultrafine-grained graphite 1#
| —e— Ultrafine-grained graphite 2#

2 R
o N
] ]

Weight gain ratio (wt.%)
[e¢]

Pressure (atm)

Weight gain ratios of five grades of graphite after
immersion in molten FLiBe salt under different pressures

> The higher the pressure, the greater the weight gain ratio

» The threshold pressure for FLiBe salt infiltration for two grades of ultrafine-
grain graphite are between 6 and 7 atm.
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Neutron irradiation test of Chinese Graphite

O Over 300 samples were irradiated in HFETR at 650 °C to a dose of 0.4 dpa

O Based on primary results, Chinese ultrafine-grain graphite shows very good
stability in dimension and a great enhance in strength after irradiation.

HFETR (NPIC)  Tnertgas 650 £50°C  5E20n/cm? (E>0.MeV)  gproms wednt

800
100
600 — = .
300

40 |
e

Temperature control

Samples
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Equivalence of ion and neutron irradiation effects

Irradiation induced anisotropic
swelling of graphite crystal

0.00 &
m HOPG irradiated by neutrons at 150 °C [ ]
A HOPG irradiated by electrons at 146 "C [ |

7005+ —e— graphite filler irradiated by ions at 30 °C
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An first increase then decrease of
graphite modulus induced by irradiation

1G-110 irradiated with
3.0 = jonsat600°C
O neutrons at 639 °C
neutrons at 750 °C
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= eutron irradiatio
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Low-dose proton-irradiation induced modulus increase

Modulus £ (GPa)

Q. Huang, et al., Nucl. Instrum. Meth. B 412 (2017) 221-226
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Pore structure evolution during irradiation

O After irradiation to 21dpa at 600 °C, much
more contracted pores (71%) than expanded
pores (12%) were found.

O Pore size distribution don't show obvious
changes after irradiation, indicating that
irradiation won't facilitate salt intrusion into
graphite.

0.20

o
a
o

W 0Odpa
—@— 9.24dpa
—A—21dpa

o

-
(=]
!

dS/ d(logD)

0.05 -

|
0.00 J-d--d-m-t-- -t o

1 10
Pore size D umy)

Pore size distribution during irradiation
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Compatibility of irradiated graphite and FLiBe salt

O Graphite was irradiated with Xe ions to ~4.5 dpa and then tested in molten flibe salf.

O Testing in molten flibe salt did not have obvious effects on graphite's surface morphology
and Raman peaks, indicating that irradiated graphite has a great structural stability in
molten flibe salt.

e~ B As-polished *’
> —— After irradiation
y —— After irradiation and annealing A
3 —— After irradiation, annealing and salt test
‘e #
- - l '
o
-
200{ {8}
o |
g s 1 ]
g
(After irradiation, aphealing & salt test S m
=
H
H
- )
]
g ©y
3
= g t ]
® E] - .
g :
s T]
= 1550 1
o " -
10 a4 .
a
= Py ]
las polished
T T T T A hed Ater After irradiation  Atter irdigtion
500 1000 1200 1400 1600 1300 2000 polishe iirediation & annealing an “aé 515

Raman shift (cm™)

Q. Huang et al., Nucl. Instrum. Meth. B 436 (2018) 40-44
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Characteristics of long-life nuclear graphite

27

O Neutron irradiation data of many nuclear graphites were collected and

evaluated
20 ,
= |G-110 ® PCIB
1 Density: 1.77 glcm3 1.85 g/lcm3
45| Grain size: Fine Fine '
Coke type: Petroleum Petroleum
1 Forming Method: Iso-molded Iso-molded
10 - Ther. Diffusivity: 98 cm2/s 97 cm2/s °
:; Source: Toyo Tanso  GrafTech °
< o0 g
e 5
2 ¢ =
0 ——' \.. \l g
o]
Fo sy
[ 1]
|
.5 Hq L.
| % | | I |
0 5 10 15 20 25
dpa

(xiOa)

(nauirons/cmz, £E>50 kev)
3 )

FLUENCE TO OBTAIN MAXIMUM DENSITY
(3]

|

.5

1.6

1.7 1.8
ORIGINAL DENSITY (g/ecm®)

Density's influence on irradiation life of nuclear graphite
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Characteristics of long-life nuclear graphite

20

T I T
750 °C Irradiation
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Graphitization degree's influence on
irradiation life of nuclear graphite
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600 °C irradiation
B ATR-2E ® H-451
Density: 1.8 glem’ 1.76 glem’
Grain size Medium Medium
Coke type: Pitch Petroleum
Forming Method: Extruded Extruded -
Ther. Conductivity: 179,163 150,135 '
Irr. Reactor: HFR Petten HFIR n
|
i .
* [
u [ ]
L4 n
o ™ [}
a"mn S | e »
* ;1‘" e °
“ Ny [ ]
[} - Em - ® L J
®
]
[e]
T T T T
0 5 15 20 25 30

dpa

Coke type's influence on irradiation

life of nuclear graphite

O Moderate density (1.75 - 1.85 g/cm3)
O High degree of graphitization (high thermal conductivity)
O Petroleum coke seems better than pitch coke

v’ Extensive cooperation with the company to develop the new
graphite, and achieve the irradiation performance modification.
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@ Next plan for TMSR materials research

29
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Main issues for the TMSR materials research

O Development of high-temperature (>800 °C) molten salt corrosion
resistant Alloy;

O Te embrittlement modification of nickel-based alloys;
O Development of nuclear graphite with long irradiation life-time;

O Establishment of irradiation performance evaluation method for

nuclear graphite using ion beam;

O Completion and upgrading of the current material database for

molten salt reactor;
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