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Schematic Diagram of Molten Salt Reactor 
(Abram and Ion 2008)

Design Parameters TMSR-LF/TMSR-SF

Salt FLiNaK/FLiBe

Operation 
temperature

650℃

Operation pressure Near atmospheric 
pressure

Core Graphite

Table 1: Design parameters of 
TMSR-LF/TMSR-SF in SINAP

(Zhang, Liu et al. 2018)
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Molten salt penetration (ASTM)
Testing at high temperature (ASTM)
Molten salt permeability (ASTM)
Life time of a graphite core
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Material Challenges

Neutron irradiation (Ishiyama, Burchell et al. 1996)

Dimension changes             Young’s modulus                          Strength                                      Thermal conductivity  
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Material Challenges

Optical micrographs of IG-110 and NBG-18. (P-Porosity, 
F-Filler, B-Binder, C-Calcination crack. Kane, Karthik et al. 2011)

Nuclear graphite is 
a porous material
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Material Challenges

Grade Coke 
source

Forming 
process

Grain size 
(µm)

Density 
(g/cm3)

Porosity 
(%) Vendor

IG-110 Petroleum Isostatic 
pressed 20 1.77 21.7

Toyo 
Tanso, 
Japan

NBG-18 Pitch Vibration 
molded 300 1.85 18.3 SGL, 

Germany

T-220 Pitch Isostatic 
pressed Superfine 1.87 17.1 SINOSTEEL

, China

NG-CT-10 Pitch Isostatic 
pressed 25 1.89 16.4

Chengdu 
Carbon, 
China

NG-CT-50 Pitch Isostatic 
pressed Superfine 1.79 20.7

Chengdu 
Carbon, 
China

Parameters of nuclear graphite
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Material Challenges

Cumulative infiltration for molten FLiNaK salt and mercury into 
various graphite(He, Gao et al. 2015)

1. Threshold pressure: It 
is inversely proportional 
to  open pore size,

2. Cumulative 
impregnation: It is 
proportional to external 
pressure,

3. Saturation quantity of 
cumulative 
impregnation: It is 
proportional to porosity.
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Material Challenges

Cross-sectional SEM images molten 
FLiNaK salt impregnated grades IG-110 

and G1 graphite at different 
pressures(He, Gao et al. 2015). 

Fracture surface
FLiNaK salt impregnated 
graphite (He, Gao et al. 

2015). 

Fracture surface
FLiBe salt impregnated 

graphite(Wu, Carotti et al. 
2018). 
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Material Challenges

At room temperature:
The compressive strength is positively correlated with the penetration of molten salt.

At 700℃ :
The compressive strength is negatively correlated with the penetration of molten salt

Molten FLiBe salt at room temperature (wt.%) Molten FLiBe salt at 700℃ (wt.%) 

The effect of molten salt penetration on compressive strength 
at room temperature and 700℃ (Tang ,He et al. 2017)
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Careful to compare impregnation data from 
different grade of graphite by using weight percent!

Higher values of wt. % may due to it has smaller 
density.

Material Challenges

Molten FLiBe salt at room temperature (wt.%) 

Graphite A Graphite B Graphite C
Graphite density ρg                           
(g/cm3)

1.7 1.8 1.9

Volume of graphite 
sample Vg   (cm3)

10 10 10

Weight of graphite 
sample Mg (g)

17 18 19

Weight of molten salt 
Ms   (g)

1 1 1

Weight percent 
Ms/Mg*100% (wt. %)

5.88 5.56 5.26



Molten salt impregnation

 ASTM D8091-21 gives 
a general guide to 
perform molten salt 
impregnation test.
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Material Challenges
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 The working temperature of MSR has to be higher than the melting temperature 
of salts. Melting temperature of salt > 450°C.

 Graphite strength at high temperature is higher than at room temperature. 
 Need to get data at high temperature to correctly represent molten salt 

environment. 
 Try to avoid testing impregnated graphite sample at room temperature with 

solidified salt inside!

Material Challenges



Testing at high temperature

 ASTM has developed a 
guide for high 
temperature strength 
measurement.

 D8377-21
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Material Challenges



Molten salt permeability (ASTM)

15

 We still don’t fully understand the impregnation behaviour of molten salt 
in graphite.

 The graphite core has a lifetime much longer than impregnation test (100 
hours).

 What is the MSR graphite impregnation behaviour in a longer term? 
 How to do the permeability test at high temperature?
 The permeability of a liquid through graphite is varied with the sample 

thickness.

Material Challenges

Water permeability of R-0025 graphite (Nightingale)
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ASTM is developing a new test standard for liquid 
permeability of graphite.

We are very welcome any interested party to join us 
to develop the standard together and make 
contribution. 

Material Challenges
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Usually the life of a graphite core is determined by 
zero strain condition. 

Ultrafine grain graphite has a considerable shorter 
lifetime!

The MSR must has a replaceable graphite core and 
replace graphite core every 4~8 years.

How can we improve the lifetime of graphite core?
Can we let the molten salt pass through the graphite 

core instead of prevent it?
For example NBG-18
longer time to reach zero strain condition
big pore channel for molten salt to pass through 

Material Challenges
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Stress analysis 
Life prediction (ASME)
Seismic analysis
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A general study on a 50mm*50mm graphite 
bar with different dose profiles.

Structural challenges

10% dose gradient 15% dose gradient

20% dose gradient 25% dose gradient

10% dose gradient 15% dose gradient

20% dose gradient 25% dose gradient
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Different molten salt impregnated zone

Structural challenges

10% dose gradient 15% dose gradient

20% dose gradient 25% dose gradient
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Different molten salt impregnated zone

Structural challenges

10% dose gradient 15% dose gradient

20% dose gradient 25% dose gradient
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 In all cases, stress values are moderate.
 It is well known that stress results are very sensitive to 

irradiation creep equation used. UK creep law was used in 
the analysis.

 However, we don’t know the irradiation creep behaviour of 
ultrafine grain graphite.

 Does UK creep law apply?

Structural challenges

0

2

4

6

8

10

12

14

16

0.E+00 2.E+21 4.E+21 6.E+21 8.E+21

Dose, EDND, n/cm2

El
as

tic
 S

tr
ai

n 
U

ni
ts

Pluto 300°C (Flux 4E13 n/cm2/s) BR2 300-650°C (Flux 3E14 n/cm2/s)
Calder Hall 140-350°C (Flux ~1E12 n/cm2/s) UK Creep law



Life prediction (ASME)

23

Structural challenges

Calculate

ASME HHA
Structure 

assessment Full 
Assessment
(probability 
of failure 
limits)

Simplified 
Assessment
(stress limits)

Equivalent stress<stress limits

Calculate the 
algebraic 

sum of each 
load

Translate 
the stress 

into 
principal 
stresses

Rank the integration 
volumes

Group the integration 
volumes into groups

Calculate the Probability of Survival of 
the groups, L1,L2..Lm

Calculate Probability of Failure
POF=1-L1*L2*..*Lm POF< Probability of Failure Limits

Finite 
element 
analysis

HHA 3230  Probability of failure limits for graphite core components –full assessment
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 KTA-3232 is a German standard 
and has been applied in HTR 10.

 ASME is an American standard
 Main difference in POF 

calculation
 KTA-3232: do not group the 

integration volume
 ASME: group the integration volume 

by maximum grain size (ultrafine 
grain graphite has a very small grain 
size)

 POF calculated from ASME is 
more conservative than that of 
KTA.

Structural challenges
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Life prediction (ASME)
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 Recently, ASME proposed group the integration volume by 
fracture toughness. 

 Fracture toughness is a parameter for crack propagation.
 However, we want to assess POF of a graphite component 

without any cracks! 
 Fracture toughness maybe not a best parameter for POF 

assessment.
 Also, the POF assessment method needs verification by 

experiment. 

Structural challenges
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 The graphite components occupy 
about ~85% volume of the MSR 
reactor core and the rest is molten 
salt. 

 It is important to assess the 
dynamical behaviour of a reactor 
core under seismic loading.

 Molten salt can provide some 
damping effect and hence protect 
graphite components from 
damage during earthquake.

 We need to develop a method 
which can model the interaction 
between graphite components 
and molten salt without to much 
computational power.

Structural challenges



22nd International Nuclear Graphite Specialists Meeting
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https://ingsm22.casconf.cn
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The opinions expressed in this 
talk are those of the author 
and not necessarily of those 
of SINAP.
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