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HTR-PM Commercial Demo Reactor Update

• 14. 09. 2016:  Second pressuriser 
installed.

• 19.06. 2017: Successfully 
commissioned 220kV electrical 
transmission for HTR-PM
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• 08.06.2017: All iso-graphite 
components had been installed for 
the 2nd reactor. 

• Core diameter: 3m
• Height: 11.8m

• 30.07.2017: successfully 
commissioned turbine generators



Opportunity and Methodology
x1026 n/m2) doses representative 
of HTGR operating temperatures 
between 300 and 900 °C. The 
existing irradiation programme 
from which this project will benefit 
is shown in Figure 2; it is 
scheduled to start in 2015, with 
the first batch of data and 
irradiated graphites available in 
the later part of the year or early 
2016, so the time-scale of the 
screening and medium-dose 
irradiation fits this project very well. 
The primary measures of 
irradiation performance for 
screening will be the irradiation 
dimensional change, dynamic Young’s modulus and coefficient of thermal expansion (CTE) under 
all proposed fluences at 900°C. Thermal diffusivity and electrical properties will also be measured.  
The post irradiation testing will be done at the hot cell and Low-Activation Materials Design and 
Analysis laboratory (LAMDA) in ORNL, with additional measurements of, mechanical properties 
(flexural strength and fracture toughness). Sinosteel and ORNL will provide the consortium with 
access to these data and also the irradiated graphites. ORNL will also provide the consortium with 
access to the facilities in LAMDA, for characterisation by HR-TEM, nanoindentation and Raman 
spectroscopy. Focused ion beam (FIB) milling is available at LAMDA for extraction of samples for 
local characterisation. Irradiations by heavy ions will be done at the GSI Helmholtz Centre for 
Heavy Ion Research. Heavy ion irradiation is an effective method of evaluating the dimension 
stability of graphite and can penetrate to depths up to millimeters 39 , quite sufficient for 
micromechanical testing.     The effects of the heavy ion-irradiations will be directly compared with 
the outcomes of the ORNL neutron irradiation programme, and also lower energy ion irradiations 
(µm penetration) performed at the Surrey Ion Beam Facility in the UK. 
2.2 Modelling of radiation damage 
The work here will address a gap in knowledge of modelling of dimensional change of graphite 
crystals under irradiation. The aim is to develop large scale atomistic simulation models that can be 
validated by the experimental work in the project that will explain the link between the 
microstructure, observed before and after irradiation, and the change in material properties. 
There has been a large amount of work carried out using ab initio calculations to explain defect 
structures in graphite and the role played by basal plane dislocations40. Similarly, finite element 
methods have been used to simulate irradiation-induced property changes, namely dimensional 
and Young’s modulus; both property changes were shown to be dependent upon the filler particle 
dimensional changes and the accommodation porosity41 
What has been missing is an atomistic model that can capture the complex microstructure while at 
the same time being able to identify mechanisms responsible for radiation damage. Classical 
Molecular Dynamics (MD) simulations can do this. Such simulations are essential for the basic 
understanding of nuclear graphite materials over these length scales, and will explain the effects of 
the meso-scale structures within filler particles and also the binder. 
Early work at Loughborough using MD concentrated on investigating mainly surface effects in 
graphite, such as sputtering9 and nanoindention5,6, although displacement energy thresholds were 
also evaluated12. In addition, the Tersoff and Brenner bond order potentials42 were modified to 
include a pair term acting between non-covalently bonded atoms to give the correct interlayer 
spacing12. Recently, an ERASMUS student report43 also investigated collision cascades with the 
Tersoff and Brenner potentials in a perfect graphite structure and energies of the primary knock-on 
atom (PKA) ranging from 200 eV to 2 keV. The main conclusion was that both models showed that 
the cascades did not produce a thermal spike as in metals; instead the cascades were 
characterised by branching and channelling in the graphite crystal. Interlayer interstitial defects 
were produced and the bond angle distributions after irradiation were better modelled using the 
Tersoff potential than the Brenner, although other carbon potentials have more recently been 
developed with better properties 44 . Rather surprisingly similar conclusions regarding cascade 
structure had already been predicted in the literature of the 1960’s45. 
In the early 1990s, simulations were carried out using at most only a few hundred thousand atoms. 
However, advances in computer technology and modelling techniques since then have meant that 
more representative simulations may now be carried out on systems in boxes of size 50 nm3 (~15 
million atoms) or larger. This is large enough to capture much of the complex microstructure of 
nuclear graphite crystals that has been absent from the dynamic atomistic simulations carried out 
to date. The complexities of the mesostructure on the nanometre scale mean that it will be 

 
Figure 2. Gantt chart of Sinosteel/ORNL irradiation 
programme.  Year 1 is 2015.  
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Sinosteel/ORNL Irradiation Programme (Year 1 = 2015)

UNIGRAF

SINOSTEEL
• Producer	of	graphite	for	the	

Chinese	HTR-PM	programme,	
• Funding	the	irradiations	at	

ORNL	to	select	graphites

UK	UNIGRAF

Eight Graphites (different Filler and  Binder)
• Characterization over length scales:

• Dimensional change, Young’s modulus, thermal 
expansion, tensile strength, toughness

• HRTEM, nano-indentation, Raman, EELS
• Modelling at the meso-scale

• MD atomistic simulations (up to ~50 nm3) to predict 
physical and mechanical properties

• Testing at the meso-scale
• In situ nano-indentation, pillar compression and Nano-XCT
• In situ TEM testing with DIC and diffraction strain 

measurement 

Up to 14 x 1021 n cm-2 at 900°C

>1 x 1022 n cm-2 at 300-900°C

Crystal	and	
microstructure	
characterisation	

Modelling	 Nuetron/heavy	
ion	irradiation	

Nanoindentation	
damage

Micro-scale	testing	of	
properties

Understanding	irraditation	
performance	of	graphite	

with	different	
microstructure	features



Experimental nuclear graphite grades

Experimental nuclear graphite grades included in Sinosteel-
ORNL irradiation programme.

• SNG342, SNG623, SNG742, SNG722, SNG7420, 
SNG3420, SNG545, SNG220. 

• All iso-moulded; main difference in coke size, amount of 
binder, sources of raw materials, 
impregnation/graphitisation conditions, density, porosity. 

• Most grades aim for HTGRs; a couple of grades for 
TMSR.



Typical graphite billets 



Neutron irradiation programme



Neutron irradiation programme (cont.)



Neutron irradiation timeline

• Screening irradiation Phase – focus of UNIGRAF
• Irradiation completed (Irradiation at 900 oC with neutron fluence: 

4.4, 4.5 & 8.1 X 1025 n/m2)

• PIE completed and report in preparation
• Irradiated samples now accessible for UNIGRAF researchers

• Medium dose irradiation phase 1B
• Most irradiation completed
• Most PIE completed and data analysis in progress
• Some irradiated samples accessible from 2018

• Other samples will be available from 2019 and beyond
• High dose
• creep



Heavy ion irradiation completed

Graphite
grades

Au 
5.9MeV/u

Ca 
4.8MeV/u

C 
5.9MeV/u

Sm 
4.8MeV/u

Fluence (i/cm2)

SNG342

SNG 623

SNG742

1e11 1e11 1e11

1e12 1e12 1e12 1e12

1e13 1e13 1e13

5e13 5e13 5e13 5e13



Ion irradiation in Surry

• Not started yet
• To be done in later part of UNIGRAF



Progress

• Research on non-irradiated samples – on going, SNG623 completed
• Microstructure
• Pore structure
• Micro-scale testing

• Research on ion irradiated samples – on going
• Microstructure 
• Micro-scale testing

• Research on neutron irradiated samples - start in Oct 2017 at ORNL
• Microstructure 
• Micro-scale testing

• Modelling – on going
• Atomic structure of mesoscopic structure in graphite
• Nanoindentation damage
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Microstructre & mesoscopic structure in iso-
graphite (SNG623)
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Mesoscopic structure inside coke
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View along (0001) plane:



Mesoscopic structure inside coke
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View perpendicular to (0001) plane:



“crazy paving” mesoscopic structure 
proposed
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Nano crystalline graphite slabs
• Experimental result: 

• Layers of ‘crazy paving’ slabs.
• Layers thickness: 20-30 nm
• Slab diameter: 100-150 nm

• Variation of the c-axis over long range

• Model

• Build small system for MD 
simulation

• 150 Å x 150 Å x 30 Å
• (12 graphene layers)
• Generate grain boundaries with a 

geometric relaxation method.
• 108,936 atoms
• 3 voronoi cells



Nano crystalline graphite slabs
15° grain boundary

Top layer Second layer

Composite of two layers
Key:

5

6 

7

• Each unique layer 
is prepared and 
geometrically 
relaxed separately.

• Layers assembled 
into large graphite 
structure.

• Final relaxation in 
MD.



Nano crystalline graphite slabs
32° grain boundary

Top layer Second layer

Composite of two layers
Key:

5

6 

7

• Each unique layer 
is prepared and 
geometrically 
relaxed separately.

• Layers assembled 
into large graphite 
structure.

• Final relaxation in 
MD.

• High angle 
boundary.

• Armchair 
meets 
zigzag 
edge.



Nano crystalline graphite slabs
Triple junction grain boundary

Top layer Second layer

Composite of two layers
Key:

5

6 

7

• Each unique layer 
is prepared and 
geometrically 
relaxed separately.

• Layers assembled 
into large graphite 
structure.

• Final relaxation in 
MD.



Nano crystalline graphite slabs
AIREBO: heated to 1000 K (npt) over 300 ps



Graphite in binding matrix
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Machined surface
• Experimental image shows 

a machined surface. 
• The mechanical stress 

causes the graphite units 
to bend in various angles.

• Graphene layers bent into 
a U shape, are observed. 

• MD simulation: compression of 
a 400 Å periodic slab.



Crack with bridge
• On the left, the bridging 

graphite layers near the tip of 
a microcrack appear sharp.

• But at higher magnification 
reaching to atomistic level, 
smooth transition is seen, as 
shown in right hand side

• Relax a simple 
bridge model in 
MD.

• Observe similar 
smooth bends 
of the basal 
planes.



Crack with bridge



Molecular Dynamics


