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  improve	
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  on	
  the	
  correlations	
  
between	
  nano-­‐ to	
  mseo-­‐scale	
  microstructure	
  
and	
  irradiation	
  damage	
  resistance	
  in	
  order	
  to	
  
design	
  and	
  select	
  graphite	
  material	
  with	
  
improved	
   resistance	
  to	
  irradiation	
  damage

Graphite	
  has	
  a	
  structure	
  at	
  many	
  
length	
  scales	
  and	
  is	
  a	
  network	
  of	
  
connected	
  crystals.	
  	
  This	
  structure	
  
and its	
  properties	
  change	
  with	
  
irradiation	
  during	
   reactor	
  life

for the geometry used here, P is the load at failure (N), D2 is 

the outside diameter (m), D1 is the inside diameter (m) and 

h is the ring thickness (m).  

 

3. RESULTS AND DISCUSSIONS 

3.1 Dimensional Changes 

The irradiation-induced volume changes in H-451 

graphite are reported in Fig. 2 below. 

 

 
Figure 2.  Irradiation-induced volume changes for H-451 

graphite at two irradiation temperatures 

 

The graphite initially shrinks but with increasing dose 

the rate of shrinkage falls to zero and the graphite begins to 

swell, eventually reaching and exceeding the sample’s 

original volume and expanding into net growth.  At an 

irradiation temperature of 900°C the dose at which the 

graphite returns to its original volume is approximately 

2x1026 n/m2 [E>50 keV].  At an irradiation temperature of 

600°C the point at which H-451 returns to its original 

volume was at a dose > 4x1026 n/m2 [E>50keV]. 

The data reported in Fig. 2 for irradiation-induced 

volume changes at 600°C derive from several separate 

irradiation capsules, namely HTFC-1, HTFC-2, HTF-3, 

HTN-2, and HTK-7 (Table 1), irradiated to differing peak 

doses over a time period spanning >15 years.  Yet, the 

volume change data falls on a single relatively smooth 

curve, giving a high measure of confidence in the data.  

Similarly, the parallel and perpendicular dimensional 

change data sets at 600°C (Fig. 3) fall on single curves. 

The dimensional change behavior of H-451 graphite 

at irradiation temperatures of 600 and 900°C are reported in 

Figs. 3 and 4, respectively. Significant anisotropy was 

observed in the dimensional change behavior in the parallel 

and perpendicular to the forming direction at both 

irradiation temperatures. 

 

 

Figure 3.  Dimensional change behavior of H-451 graphite 

at an irradiation temperature of 600°C 

 

 
Figure 4.  Dimensional change behavior of H-451 graphite 

at an irradiation temperature of 900°C 

 

A principal result of the carbon atom displacements 

discussed in the introduction is crystalline dimensional 

change.  Interstitial defects will cause crystallite growth 

perpendicular to the layer planes (c-axis direction), whereas 

coalescence of vacancies will cause a shrinkage parallel to 

the layer planes (a-axis direction).  The damage 

mechanism and associated dimensional changes are 

illustrated in Fig. 5.  

Figure 5. Neutron irradiation in graphite showing the 

induced crystal dimensional changes 
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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
• Producer	
  of	
  graphite	
  for	
  the	
  

Chinese	
  HTR-­‐PM	
  programme,	
  
• Funding	
   the	
  irradiations	
  at	
  

ORNL	
  to	
  select	
  graphites

irradiation on the crystallite mechanical 
properties. Micro-scale testing to evaluate the 
effects of the meso-scale structures on the 
properties will also be used to validate the 
models. 
The programme will be executed with graphites 
and neutron-irradiation data that are relevant to 
future nuclear high temperature fission reactors, 
which will be fabricated from materials 
significantly advanced from the coarse-grained 
graphites, developed in the 1960s, that were 
used in the current ageing fleet of UK Advanced 
Gas Reactors (AGR). The consortium has 
identified Sinosteel and Tsinghua University 
(Beijing, China) and Oak Ridge National 
Laboratory (ORNL) (USA) as the key partners; all 
these organisations have on-going nuclear 
graphite programmes for advanced reactors. 
Sinosteel is developing a range of iso-graphites 
and Tsinghua University is responsible for the 
design and construction of the world’s first 
commercial HTGR. Sinosteel is funding an 
irradiation programme, operated by ORNL,that 
will start in June 2015. Tsinghua University has 
been leading the whole HTGR programme in China from prototype development to the first 
commercial reactor. The candidate materials for irradiation testing have been manufactured from 
different raw filler and binder materials, and will be supplied to the consortium in kind. Sinosteel will 
also grant the consortium access to the neutron irradiation data for these graphites, subject to 
protection of the manufacturing intellectual property. ORNL and Tsinghua will support this project 
in the interpretation of the irradiation performance of the tested graphites and advice on the 
engineering significance of the data for the commercial HTGR, which is under construction over 
the project’s lifetime. Ion irradiation at Surrey and GSI will also be used as a substitute for fast 
neutron irradiation for comparison with the ORNL test programme for the purpose of develop 
microstructure models for modelling and characterisation techniques prior to access of neutron 
samples. 
2. Programme and methodology 
The proposed programme includes experimental investigation of nano- to micro-scale 
microstructure, atomistic modelling, and characterisation and testing of mechanical and thermal 
properties. The established correlations will be used to gain insight into a range of physical and 
mechanical properties, such as dimensional change with irradiation, stress and temperature. The 
outcomes should be used to design and select graphites with improved resistance to irradiation 
damage. Raw materials and processing conditions have a strong influence in defining nano- to 
micro-scale structure in polycrystalline graphites, but there is little knowledge on the correlations 
between nano- to micro-scale microstructure and irradiation damage resistance. 
2.1 Irradiation damage and property measurement 
Irradiation damage resistance does not scale simply with conventional pre-irradiation properties, a 
long list of which is provided by the ASTM guideline of nuclear graphite selection for HTGR37, such 
as tensile strength, fracture toughness, elastic moduli and porosity. Nonetheless, irradiation causes 
damage at the crystal level, and the basic processes are common to all graphites. Correlations 
between neutron dose and changes in properties have long been proposed to be related to a 
structural factor, which was initially defined by Brocklehurst and Kelly as the difference in crystal 
dimensional changes parallel and perpendicular to the graphite crystal [0001] axis38. However, the 
physical meaning of this parameter is not clearly established and the selection of binders, fillers, 
and the control of microstructural variables through processing such as the population of porosity 
and degree of graphitisation remains empirically based. We propose to shed light on this by local 
characterisation of different graphites, processed from different raw materials, studying the lattice 
defects (basal dislocations), the meso-scale heterogeneity such as the domain structures of 
graphite, and mechanical and thermal properties measured at appropriate length scales.  
The iso-graphites to be examined, SNG398, SNG722, SNG742 and SNG953, represent different 
binder and filler combinations; the fillers are petroleum and coal pitch derived cokes, and two pitch 
binders of different quantity and impregnation conditions are used. They will be provided to the UK 
consortium for characterisation in the unirradiated condition. The irradiation programme at ORNL 
includes screening testing by irradiation at 900 °C at difference fluences to low dose (6, 10, 12, 14 
x 1025 n/m2, i.e. up to 10 dpa at E > 0.1 MeV), followed by medium (1x1026 n/m2) and high (3.7  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Diagram for the relations between 
work packages. 
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Eight	
  Graphites (2	
  x	
  Filler	
  @	
  2	
  sizes,	
  2	
  x	
  Binder)
• Characterisation over	
  length	
  scales:

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

• HR-­‐TEM,	
  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


