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Summary 

The first stage of an irradiation programme has been carried out in the Petten HFR involving 
~200 samples manufactured from eight different grades of graphite, as part of the HTR-M1 
Project within the 5th Framework EU part- funded Programme.  The samples were first of all 
pre-characterised, and then irradiated to a maximum of around 1/3 peak fluence at a 
temperature of 750oC.  Results from the initial measurements on ~50% of the irradiated 
samples have been evaluated, and for two of the grades (NBG-10 and PPEA) have been 
compared with the German ATR-2E graphite.  The measurements suggest that these two 
graphites have a higher initial shrinkage rate than ATR-2E, but with turn-around expected to 
occur at a higher fluence. 
 
None of the current grades can be eliminated at this stage, and it will only be when the results 
from the second stage of the irradiation are available that meaningful conclusions can be 
made.  The results however are promising and will make an important contribution to the 
evaluation of suitable graphites for the next generation VHTR. 
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1 Introduction 

In order to support the development of a future European High Temperature Reactor 
(HTR), a number of suitable candidate graphites were selected for an irradiation 
programme in the high flux reactor (HFR) at Petten, which is being undertaken by 
NRG.  The overall irradiation programme is aimed at establishing the irradiation 
behaviour of the selected graphites over the irradiation fluence and temperature range 
appropriate for a HTR, and eventually to provide all the graphite data necessary to 
undertake a core design.  (Details on the selected graphites and testing requirements 
are given in Refs 1 and 2). 
 
The first stage of this irradiation programme has been carried out within the 5th 
Framework Programme (HTR-M1).  Appropriately sized discs/blocks of the different 
materials were supplied to NRG by three different graphite manufacturers and ~200 
samples were machined from them.  The samples were first of all pre-characterised, 
and then irradiated to a maximum of around 1/3 peak fluence1 at a temperature of 
750oC.  This is referred to as INNOGRAPH 1A.  [The peak fluence to be achieved is 
~25 displacements per atom (dpa), or ~200 x 1020 n.cm-2 Equivalent DIDO Nickel 
Dose (EDND).  Thus in INNOGRAPH 1A the samples have been irradiate up to ~9 
dpa, or ~70 x 1020 n.cm-2 EDND.  The irradiation to peak fluence will be completed in 
INNOGRAPH 1B].  The test rig has been removed and dismantled and, at the time of 
writing of this report, around 50% of the samples have already been subjected to some 
post-irradiation examination (PIE).   
 
For the pre-characterisation of the samples there was a need to measure their initial 
dimensions, mass, dynamic Young’s modulus (DYM), coefficient of thermal 
expansion (CTE) and thermal conductivity (via measurements of thermal diffusivity).  
From these, their volumes and densities were calculated.  For the irradiated samples 
subjected to PIE, only their dimensions and DYM have been re-measured to date. 
 
All the pre-characterisation measurements and the PIE measurements already made 
(together with specific properties derived from them) are contained within Excel 
spreadsheets developed by NRG.  However, before the experiment got underway, an 
Excel worksheet was proposed (comprised of individual spreadsheets for each 
graphite grade) that would be used to summarise the data in a convenient way and 
would enable the appropriate ‘design curves’ to be produce (Ref 3).  At the 
conclusion of the HTR-M1 programme there was a requirement to review the 
available measurements and to enter them into this worksheet.  This has been 
completed and is covered in Ref 4. 
 
There was also a requirement to assess the measurements and compare them with 
those made on other graphites in the past at similar temperatures.  A preliminary 
comparison has been carried out in this report for the graphite used in the German 
HTRs, namely ATR-2E.  This is the subject of this report.  A summary of the 
graphites tested is given in Section 2.  The pre-characterisation of the graphites and 
the PIE measurements are covered in Section 3.  The dimensional change behaviour 
and the calculated variations in DYM with irradiation fluence are covered in Section 

                                                 
1 Peak fluence is that appropriate to a pebble bed core design.  The replacable components in a prismatic core 
design should not exceed 1/3 of this value and thus the data requirements should be bounded by this first stage 
of the irradiation. 
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4, and an assessment of these is carried out in Section 5.  A comparison with the 
ATR-2E behaviour is covered in Section 6.  Future work is covered in Section 7. 

 
2 Graphite selection 

There is clearly a limit on the number of samples that can be contained within a given 
irradiation experiment and this has an influence on the number of graphites that can 
be tested.  There is also a need to maximise the number of samples of each graphite 
selected to provide good statistics.  One problem was that the general anisotropy of 
the different graphites requires samples to be machined from the two major directions, 
that is, ‘with grain’ (WG) and ‘against grain’ (AG).  In addition, due to the inherent 
material variability within a block, samples should be taken from both the centre 
region of a block and from the outside region of the block (hereafter referred to as 
‘centre’ and ‘edge’ in this report). 
 
After careful consideration eight graphites were chosen from those available for this 
initial experiment, five of which were classified as ‘major’ grades, the other three 
being classified as ‘minor’ grades.  The intention was to cover the two main sources 
of coke (petroleum and pitch), and the two most common manufacturing techniques 
(extrusion and iso-moulding).  Due to a decision to use a mixture of two sample 
lengths (6 mm and 12 mm) it was possible to increase the number of samples that 
could be tested to 198.  Therefore, in general, 30 samples of each were produced for 
the five ‘major’ grades (15 in each of the two principal directions), and 14 samples of 
each were to be produced for the ‘minor’ grades (7 in each of the two principal 
directions). 
 
The selected major and minor graphites are shown in the Table below.  (The actual 
number of samples of each included is given in parentheses after the classification.).  
All are medium grain graphites, with the exception of PCIB which is a super-fine 
grain graphite. 
 

Manufacturer Grade Coke Process Classification 
PCEA Petroleum Extrusion Major (30) 
PPEA Pitch Extrusion Minor (14) GrafTech 

PCIB-SFG Petroleum Iso-moulding Major (30) 
NBG-10 Pitch Extrusion Major (32) 
NBG-20 Petroleum Extrusion Minor (14) SGL 
NBG-25 Petroleum Iso-moulding Major (30) 
IG-110 Petroleum Iso-moulding Major (30) Toyo Tanso 
IG-430 Pitch Iso-moulding Minor (18) 

 
3 Pre-characterisation and post-irradiation measurements 

3.1 Pre-characterisation measurements 

The graphite discs/blocks supplied by the manufacturers for each grade were 
sectioned and machined to produce the required number of samples.  Each sample 
was cylindrically shaped with a nominal diameter of 8 mm and a nominal length of 6 
or 12 mm.  As mentioned earlier, the samples were machined from both the central 
and outer regions of each block, to take account of the known variability in properties 
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throughout a block.  An additional small flat was also machined so that each could be 
uniquely identified with an alphanumeric code, and its orientation within the block 
known for recording the measurements (Ref 5).  In this way, initial property variation 
as a function of position and orientation in the disc/block could be determined (as well 
as for the irradiated properties). 
 
The dimensions of each sample were measured together with its DYM, CTE and 
thermal diffusivity (used to calculate thermal conductivity).  The mass of each sample 
was also measured, which together with the dimensions, allowed the initial density to 
be determined.  Details of the testing methods used are given in Ref 6.  (Although 
strength is a very important property, it cannot be measured on the samples to be 
irradiated as this will involve a destructive test.  Nevertheless, strength measurements 
can be made on other suitable samples obtained from a block, and the strength 
distribution thus obtained should be representative of those being irradiated.)  All the 
measurements have been recorded in the spreadsheet developed by NRG.  
 
The initial task for this report was to transfer the measurements from the NRG 
spreadsheet into the proposed worksheet. This would then allow the property 
variations to be displayed in graphical form and the appropriate curves fitted.  
However, it soon became apparent that a single worksheet for all eight graphites 
would be too large and difficult to use and so it was decided that individual 
worksheets should be produced for each grade.  There was also a need to amend each 
basic spreadsheet slightly in order to facilitate data entry and the generation of 
graphs/curves from them. 
 
All the worksheets have been produced and the spreadsheet within each has been 
populated with the pre-characterisation measurement data (Ref 4).  Table 1 is an 
example of the first ‘page’ of such a spreadsheet, and shows the pre-characterisation 
measurements for IG-110. 
 

3.2 Post-irradiation measurements 

All the measurements carried out for the pre-characterisation are also required on the 
irradiated samples.  At the time of writing, a total of 96 samples have been subject to 
measurement (~50%), but to date, it has only been possible to measure their linear 
dimensions, mass and DYM, and to calculate (from the first two) their volumes and 
density.  The spreadsheet within each of the worksheets has been populated with the 
PIE measurement data.  Table 2 is an example of the second page of such a 
spreadsheet, and shows the PIE measurements for IG-110. 
 

4 Changes in properties due to irradiation 

It is known that the properties of interest to the core designer all vary with irradiation 
fluence and that this variation also depends on the irradiation temperature.  The linear 
dimensional and volumetric changes that occur are traditionally given in terms of 
fractional changes, expressed as a percentage.  The variation is normally expressed as 
a ratio so that the it can be used as a multiplying factor (f) for the initial modulus (Eo) 
to give the irradiated modulus (Ei) at the required fluence/temperature.  In order to 
calculate the changes, the pre-characterisation measurements and the post-irradiation 
measurements are entered into the appropriate locations the first and second pages of 
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the spreadsheet respectively. The variation are calculated in the required manner in 
the third page of the spreadsheet. 
 

4.1 Dimensional change 

The dimensional change behaviour of a graphite is arguably the most important 
selection criterion from a designer’s point of view.  Differential shrinkage strains 
within components give rise to stresses that could ultimately lead to cracks 
developing.  Overall component distortions affect the stability and hence loading of 
the whole structure, which could be made worse by cracking.  Excessive cracking is 
unlikely to be tolerable and could therefore result in a much shorter core life if the 
wrong graphite is used.  
 
The ‘ideal’ graphite would have a very small shrinkage rate, a moderately high 
fluence at which turn-around occurs, and a high fluence at which it goes into positive 
growth (i.e. original dimensions/volume attained).  In general all candidate graphites 
for a HTR will exhibit shrinkage over the temperature range of interest.  However, 
there could be a large difference in this initial shrinkage rate.  In addition, an ideal 
graphite would show very little difference in behaviour for the two principal 
directions, that is WG and AG.  A large difference indicates a large anisotropy, and it 
is not recommended that such graphites be used as this could significantly increase 
the internal stresses within a component, thereby leading to cracking earlier in life 
than would be the case for a more isotropic graphite.  (It is important to note that a 
manufacturer gives the anisotropy of a graphite as the ratio of the CTE in the two 
principal directions, but it does not follow that the anisotropy of the irradiation 
behaviour will be similar.) 
 
Given the need to cover both principal directions, the cylindrical shape of the samples 
with the machined flat meant that great care had be used to ensure that the principal 
directions were maintained for each sample during manufacture.  Figure 1 shows the 
orientations of the samples taken from both an extruded block and an iso-moulded 
block. It can be seen the extruded block has one principal WG direction and two 
principal AG directions, whereas the iso-moulded block has two principal WG 
directions and one principal AG direction.  The figure also shows the three 
dimensions measured, namely the axial length (L), the major diameter (D) and the 
smaller diameter perpendicular to the flat (X).  The samples are classified as WG or 
AG according to the axial direction, hence the axial length L is in this direction.  The 
classification of the other two dimensions however depends on its orientation and also 
which type of block it came from.  The table below gives the appropriate 
classifications. 
 

Classification 
Process Sample orientation 

L D x 

WG WG AG AG 
Extrusion 

AG AG AG* WG* 

WG WG WG* AG* 
Iso-moulding 

AG AG WG WG 

 



 

 

NNC Limited 
C6857/TR/006 
Issue 01 Commercial-in-Confidence Page 5 

* These classifications rely on the flat being machined with the sample in (or close to) 
the correct orientation.  If this was not the case for any sample, these particular 
measurements will not be 100% WG or AG, but will be somewhere in between, and 
this would invalidate their use. 
 

4.2 Dynamic Young’s modulus  

The initial Young’s modulus of a graphite and its variation with fluence is important 
as it is used to calculate the internal stresses from the internal (shrinkage) strains.  As 
mentioned earlier, the variation is normally expressed as a ratio so that the it can be 
used as a multiplying factor (f) for the initial modulus (Eo) to give the irradiated 
modulus (Ei) at the required fluence/temperature.  Thus Ei = f .Eo. 

 
5 Assessment of irradiation behaviour 

5.1 Dimensional change 

Although only around half the samples have been measured, a preliminary assessment 
of the dimensional change behaviour of the graphites tested can be made.  It has been 
found that there is a significant difference in the shrinkage behaviour, with one 
graphite showing a particularly high shrinkage rate and another with a particularly 
low shrinkage rate.  This large variation was to be expected, given the range of 
graphites tested.  It must be remembered that the fluence attained so far is only ~ 1/3 
of the peak fluence (see Footnote on Page 1), and none of the graphites appear to have 
gone through turn-around although some are clearly approaching it.  Therefore a low 
initial shrinkage rate, although appearing to be a good sign, will be of little use if there 
is an early turn-around and change to positive growth.  [This will not be known until 
the measurements have been carried out at the end of the next irradiation stage 
(INNOGRAPH 1B).  At the end of this irradiation, the samples will have reached 
~2/3 and the peak fluence.  The former should allow the fluence at which turn-around 
occurs to be accurately determined, and the latter should allow the fluence at which 
the initial dimensions/volume are attained to be determined.] 
 
The initial irradiation behaviour of the eight graphites in terms of the linear 
dimensional changes for the WG and AG directions, and the volumetric changes are 
given in Figures 2 to 17.  These are covered below in terms of manufacturer. 
 

5.1.1 SGL grades 

The SGL grades cover both petroleum and pitch coke, and both extrusion and iso-
moulding.  For NBG-10, which is a pitch coke extruded graphite, it can be seen from 
Figure 2 that the shrinkage in the WG direction is slightly larger (at ~2.0%) than in 
the AG direction (at ~1.5%) at the maximum fluence (of ~9 dpa).  This is as expected.  
The scatter on the data is not too large.  There is no evidence of turn-around at the 
peak fluence reached.  The volume change behaviour is shown in Figure 3.  It appears 
to be decreasing linearly with fluence, reaching ~4.5% at the maximum fluence, and 
the scatter is less than for the individual dimensions. 
 
For NBG-20, which is a petroleum coke extruded graphite, it can be seen from Figure 
4 that the shrinkage in the WG direction is slightly larger (at ~2.5%) than for NBG-10 
at the maximum fluence (of ~9 dpa).  However, in the AG direction there is a very 
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large difference, both in comparison with the WG direction, and with NBG-10.  The 
dimensional change in the AG direction is very small being <0.5% at the maximum 
fluence.  It is clear that this graphite exhibits a high level of anisotropy.  However, 
this is not expected based on the relatively low anisotropy calculated from the CTE 
values in the WG and AG directions.  The scatter on the data is not too large, and is 
broadly the same as that for NBG-10.  There is no evidence of turn-around at the 
maximum fluence reached.  The volume change behaviour is shown in Figure 5.  It 
appears that the rate of change of volume is decreasing with fluence, suggesting it is 
approaching turn-around.  The volume change at the maximum fluence is ~2.5%, 
which is much less than for NBG-10.  The scatter is again less than for the individual 
dimensions. 
 
For NBG-25, which is a petroleum coke iso-moulded graphite, it can be seen from 
Figure 6 that the shrinkage in the WG direction is lower than the other two at the 
maximum fluence.  However, the scatter on the data is much large r.  The dimensional 
change in the AG direction is much less than in the WG direction, and is somewhere 
in between that for the other two (NBG) graphites.  The scatter on the data is also less. 
This graphite also exhibits a high level of anisotropy, which is again not apparent 
from the CTE measurements in the two directions. The volume change behaviour is 
shown in Figure 7.  It appears to be decreasing linearly with fluence, reaching @ 
4.2% at the maximum fluence, which is similar to NBG-10.  The scatter is less than 
for the individual dimensions. 
 

5.1.2 GrafTech graphites 

The GrafTech grades also cover both petroleum and pitch coke, and both extrusion 
and iso-moulding.  For PCEA, which is a petroleum coke, extruded graphite, it can be 
seen from Figure 8 that the shrinkage in the WG direction is slightly larger (at ~2.5%) 
than in the AG direction (at ~2.0%) at the maximum fluence of (~10 dpa).  This is as 
expected.  The anisotropy is similar to that for NBG-10, but the shrinkage is higher by 
~0.5% in each direction.  The scatter on the data is not too large.  There is some 
evidence that the graphite is approaching turn-around at the maximum fluence 
reached.  The volume change behaviour is shown in Figure 9.  It appears that the rate 
of change of volume is decreasing with fluence, suggesting it is approaching turn-
around.  The volume change at the maximum fluence is ~6.3%, which is much higher 
than for NBG-10.  The scatter is again less than for the individual dimensions. 
 
For PPEA, which is the pitch coke equivalent of PCEA (and also the equivalent grade 
to NBG-10), it can be seen from Figure 10 that the shrinkage in the WG direction is 
larger (at ~2.0%) than in the AG direction (at ~1.4%) at the maximum fluence (of ~10 
dpa).  The anisotropy is similar to that for PCEA, but the shrinkage rate is lower.  It is 
very similar to the behaviour of NBG-10 (which would be expected as it is the 
equivalent grade).  The scatter on the data is not large, and arguably less than for 
NBG-10 and PCEA.  The volume change behaviour is shown in Figure 11.  It appears 
that the rate of change of volume is decreasing slightly with fluence.  The volume 
change at the maximum fluence is ~4.5%, which is much less than for PCEA, but 
very similar to NBG-10 (as expected).  The scatter is again less than for the individual 
dimensions. 
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For PCIB-SFG, which is a petroleum coke, iso-moulded graphite, it can be seen from 
Figure 12 that the shrinkage in the WG direction is lower than the other two GrafTech 
grades at the maximum fluence (of ~10 dpa).  In the WG direction it is generally 
<1.0%, and in the AG direction <0.5%. However, the scatter on the WG data is quite 
large.  Although the shrinkage rate is low, which is desirable, it appears that turn-
around is happening in the AG direction at the maximum fluence reached.  This can 
only be confirmed when the INNOGRAPH 1B data have been assessed.  The volume 
change behaviour is shown in Figure 13.  It appears that the rate of change of volume 
is decreasing slightly with fluence.  The volume change at the maximum fluence is 
only~1.8%, which is much less than for extruded graphites, and even less than that for 
the other iso-moulded graphite (NBG-25), which reached ~4%.  This difference is 
likely to be the effect of the much smaller grain side used.  PCIB is a super-fine grain 
graphite whereas all the others are medium grain.  The scatter on volume is again less 
than for the individual dimensions. 
 

5.1.3 Toyo Tanso graphites 

The Toyo Tanso grades cover both petroleum and pitch coke, but both are iso-
moulded.  For IG-110, which is the petroleum coke graphite, it can be seen from 
Figure 14 that the shrinkage in the WG direction (at ~2.0%) is again larger than in the 
AG direction (at ~1.3%) at the maximum fluence (of ~10 dpa).  The scatter on the 
data is quite large, which is consistent with the other two iso-moulded graphites. 
Although the curve for the AG direction does not show it, there is a possibility that 
turn-around is occurring.  This can only be confirmed when the INNOGRAPH 1B 
data have been assessed.  The volume change behaviour is shown in Figure 15.  It 
appears that the rate of change of volume with fluence is still linear at the maximum 
fluence.  The volume change at the maximum fluence is ~5.0%, which is slightly 
higher than for NBG-25, but much larger than for PCIB.  The scatter is very much 
less than for the individual dimensions. 
 
For IG-430, which is the pitch coke graphite, it can be seen from Figure 16 that the 
shrinkage in the WG direction has a very high scatter, ranging from 0% to ~1.5%) at 
the maximum fluence (of ~10 dpa).  In the AG direction, most of the samples show a 
slight growth of up to 0.4%, which has only arisen for some AG samples in NBG-20.  
The scatter on data is not as large as in the WG direction.  The graphite has a high 
level of anisotropy.  The volume change behaviour is shown in Figure 17, which 
shows a very large scatter in the data.  This is the only graphite of the eight to have 
such a high scatter.  The reason for this is not clear at the moment. 
 

5.2 Dynamic Young’s modulus  

The variation in DYM for the eight graphites is given in Figures 18 to 25.  All eight 
graphites show an increase in DYM, but by different amounts, and the data show a 
fair bit of scatter.  The behaviour is exactly as would be expected and is typical of the 
changes observed in all graphites previously irradiated.  It is known that all graphites 
show a significant increase at fairly low fluences.  This is attributed to the pinning of 
mobile dislocations in the lattice structure.  The DYM increases by a factor of ~1.6.  
(In the UK this is referred to as the ‘pinning’ term).  At progressively higher fluences 
there is a further, but more gradual, increase in DYM attributed to structural changes 
within the crystals.  (In the UK this is referred to as the ‘structure’ term.).  The data 
presented in the Figure to not show the increases happening at low fluences, and so 



 

 

NNC Limited 
C6857/TR/006 
Issue 01 Commercial-in-Confidence Page 8 

the true curve has not been fitted.  It is possible however to construct the low fluence 
part of the curve from existing data on previously irradiated graphites.   
 
The DYM of all the extruded graphites have increased by a factor of around 2.4 at the 
maximum fluence, whereas all the iso-moulded graphites have increased by a factor 
of between 2.8 and 3.0.  (It should be noted that the strength of graphite also increases 
with fluence in a similar way to the DYM.  The factorial increase is less than that for 
the DYM) 

 
5.3 Discussion 

It can be seen that the some of graphites tested show similarities in dimensional 
change behaviour, whereas others show significantly different behaviour.  It is evident 
that the extruded graphites shrink at a faster rate than the iso-moulded graphites in 
both directions.  However, the iso-moulded graphites exhibit a higher anisotropy and 
also have a higher scatter in the data.  Although some of the graphites are exhibiting 
similarities up to the maximum fluence achieved, experience has shown that it is 
unlikely that each will exhibit similar behaviour beyond turn-around.  This will only 
be known after the INNOGRAPH 1B results have been assessed.  It is therefore not 
possible at the present time to rule out any of the graphites.  The advantage of the 
lower shrinkage rates evident for the iso-moulded graphites might be outweighed by 
the much higher anisotropy and scatter in behaviour. 
 
The DYM varia tions are as expected and completely consistent with those for 
previously irradiated graphites. 

 
6 Comparison with previous graphites 

The only graphite with freely available data that can be used to make comparisons 
with at the present time is ATR-2E.  (Most of the data on other graphites previously 
irradiated are subject to restrictions, although these might be lifted in the future).  
Fortunately data for ATR-2E are available at 750oC for both linear dimensional 
changes and DYM.  ATR-2E was a pitch coke, medium grain extruded graphite and 
so is closely related to NBG-10 and PPEA.  For this reason, the comparison has been 
limited to these two graphites only. 
 
The comparisons in dimensional change behaviour for NBG-10 and PPEA are shown 
in Figures 26 and 27 respectively, and those for DYM are shown in Figures 28 and 29 
respectively.  It can be seen from Figures 26 and 27 that both NBG-10 and PPEA 
have higher shrinkage rates than ATR-2E although turn-around will occur at a higher 
fluence.  NBG-10 and PPEA also show less anisotropy but …scatter.  It can be seen 
from Figure 28 and 29 that the DYM behaviour is very similar over the fluence range 
covered.  Fortunately data exist for ATR-2E at the lower fluences, and due to the 
similarity in behaviour of all other graphites in this region, it can be assumed with 
reasonable confidence that the behaviour of NBG-10 and PPEA will also be similar. 
 

7 Future work 

The remaining measurements on the samples subjected to PIE to date, and all the 
measurements on the remaining samples, will be carried out over the next 6-9 months.  
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The worksheets will be updated again when all the data are available and the plots 
redrawn.  A further report will then be produced that assesses the complete data set. 
 
The second stage of this irradiation to full fluence (INNOGRAPH 1B) will be 
undertaken shortly.  Around 1/2 of the samples will be replaced by new samples of 
the selected graphites.  These will therefore be taken to full fluence, with the newly 
installed samples being taken to ~2/3 peak fluence.  The new samples are being pre-
characterised and the data will be added to the worksheets when available.  The 
complete set of PIE measurements on the samples at the end of this irradiation will 
not be available until ~2008. A further report will then be produced that assesses the 
complete data set up to the peak fluence. 
 
A similar irradiation at 950oC is to be carried out, initially to 1/3 peak fluence, in the 
6th Framework Programme (Raphael).  This is referred to as INNOGRAPH 2A.  Pre-
characterisation measurements on the prepared samples will be available during 2006.  
The worksheets will be updated to incorporate these data.  Additional worksheets will 
be generated for each the three new graphites to be tested (NBG-18 as a major grade, 
and NBG-17 and BAN as minor grades).  The initial PIE measurements are expected 
to be available from mid 2007, and a report will be produced to assess the results.  
The second  irradiation stage to peak fluence at this temperature (referred to as 
INNOGRAPH 2B) will be undertaken between 2007 and 2009 and the full set of PIE 
measurements on the samples at the end of this irradiation will not be available until 
~2010.  A further report will be produced at this stage 
 

8 Conclusions 

The first stage of an irradiation programme has been carried out in the Petten HFR 
involving ~200 samples manufactured from eight different grades of graphite.  The 
samples were first of all pre-characterised, and then irradiated to a maximum of 
around 1/3 peak fluence at a temperature of 750oC.  For the initial pre-characterisation 
of the samples their initial dimensions, mass, dynamic Young’s modulus (DYM), 
coefficient of thermal expansion (CTE) and thermal diffusivity were measured.  (The 
latter is used to calculate thermal conductivity.)  From these, their volumes and 
densities were calculated.  Around 50% of the irradiated samples have been subjected 
to some PIE, having their dimensions, mass and DYM re-measured. 
 
All the pre-characterisation measurements, and the PIE measurements made to date 
(together with specific properties derived from them) are contained within Excel 
spreadsheets developed by NRG.  These have been transferred to individual 
worksheets for each graphite grade by NNC.  These worksheets have been used to 
calculate the changes in the properties due to irradiation and to display them in 
graphical form.  These variations have been assessed and comparisons made with a 
graphite previously irradiated at the same temperature. 
 
It was observed that some of graphites tested show similarities in dimensional change 
behaviour, whereas others show significantly different behaviour.  It was evident that 
the extruded graphites shrink at a faster rate than the iso-moulded graphites in both 
directions.  However, the iso-moulded graphites exhibit a higher anisotropy and also 
have a higher scatter in the data.  Although some of the graphites exhibit similarities 
up to the maximum fluence achieved, experience has shown that it is unlikely that 
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each will exhibit similar behaviour beyond turn-around.  This will only be known 
after the INNOGRAPH 1B results have been assessed.  It is therefore not possible at 
the present time to rule out any of the graphites.  The advantage of the lower 
shrinkage rates evident for the iso-moulded graphites are likely to be outweighed by a 
lower fluence at turn-around, a much higher anisotropy, and higher scatter in the data. 
The DYM variations are as expected and completely consistent with those for 
previously irradiated graphites. 
 
The comparisons in dimensional change behaviour for NBG-10 and PPEA with a 
previously irradiated graphite, ATR-2E, has shown that both NBG-10 and PPEA have 
higher shrinkage rates than ATR-2E, although turn-around will occur at a higher 
fluence.  NBG-10 and PPEA also show less anisotropy but more scatter.  The DYM 
behaviour, however, is very similar over the fluence range covered. 
 
Further assessments will be carried out whenever future PIE measurements are 
completed.  In the near future there will be the outstanding measurements on the 
samples from INNOGRAPH1A, and beyond that, the PIE measurements from the 
second stage irradiation at 750oC (INNOGRAPH1B), and the two stages of the 
irradiation at 950oC (INNOGRAPH 2A and 2B). 
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Table 1 Pre-characterisation measurements for IG-110 

  



 

 

NNC Limited 
C6857/TR/006 
Issue 01 Commercial-in-Confidence Page T2 

Table 2 Post-irradiation measurements for IG-110 
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Table 3 Fractional property changes for IG-110 
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Figure 1 Orientation of samples 
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Figure 2 Dimensional change behaviour for NBG-10 (WG & AG) 

 
 
Figure 3 Volume change behaviour for NBG-10 (WG & AG) 
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Figure 4 Dimensional change behaviour for NBG-20 (WG & AG) 

 
 
Figure 5 Volume change behaviour for NBG-20 (WG & AG) 
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Figure 6 Dimensional change behaviour for NBG-25 (WG & AG) 

 
 
Figure 7 Volume change behaviour for NBG-25 (WG & AG) 
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Figure 8 Dimensional change behaviour for PCEA (WG & AG) 

 
 
Figure 9 Volume change behaviour for PCEA (WG & AG) 
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Figure 10 Dimensional change behaviour for PPEA (WG & AG) 

 
 
Figure 11 Volume change behaviour for PPEA (WG & AG) 
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Figure 12 Dimensional change behaviour for PCIB (WG & AG) 

 
 
Figure 13 Volume change behaviour for PCIB (WG & AG) 
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Figure 14 Dimensional change behaviour for IG-110 (WG & AG) 

 
 
Figure 15 Volume change behaviour for IG-110 (WG & AG) 
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Figure 16 Dimensional change behaviour for IG-430 (WG & AG) 

 
 
Figure 17 Volume change behaviour for IG-430 (WG & AG) 
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Figure 18 Change in DYM for NBG-10 

 
 
Figure 19 Change in DYM for NBG-20 
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Figure 20 Change in DYM for NBG-25 

 
 
Figure 21 Change in DYM for PCEA 
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Figure 22 Change in DYM for PPEA 

 
 
Figure 23 Change in DYM for PCIB 
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Figure 24 Change in DYM for IG-110 

 
 
Figure 25 Change in DYM for IG-430 
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Figure 26 Comparison of dimensional change behaviour of NBG-10 with ATR-2E 

 
 
Figure 27 Comparison of dimensional change behaviour of PPEA with ATR-2E 
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Figure 28 Comparison of changes in DYM for NBG-10 with ATR-2E 

 
Figure 29 Comparison of changes in DYM for PPEA with ATR-2E 
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