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Document title 

Properties and Characterisation of Recycled Materials  

Executive summary 

Work Package 5 of the Carbowaste Project is focused on creating opportunities to reuse or recycle 

graphite.  This report forms the deliverable to Task 5.4.1 – Properties and characterisation of 

recycled materials.  The data provided in this report has been derived from the laboratory analysis 

and characterisation of candidate products produced in support of the aims of Work Package 5.   

The use of carbon black as a surrogate material was selected by the graphite manufacturers as a 

suitable material to incorporate into their pilot plant production process.  In addition, the complete 

gasification of irradiated graphite would result in a ‘syngas’ (CO) which could be redeposited into 

a solid (carbon black) via the Sabatier Bosch reactions, thereby providing partial decontamination 

of the original graphite (see Carbowaste Report D.5.3.2). 

The work reported includes: 

 GrafTech’s work on producing candidate products via that ‘fast processing’ route to assess 

the potential and limitations of incorporating recycled graphite (in the form of carbon 

black) into new graphite products (electrodes for waste vitrification) for use within the 

nuclear industry. 

 SGL Carbon’s work has been focused on incorporating recycled graphite (again in the form 

of carbon black) into new nuclear grade graphite, for potential use in new nuclear graphite 

for uses which include moderator graphite. 

 NRG’s work has been focused on the formation of Silicon Carbide from both virgin and 

irradiated graphite, for its potential use as a packing material for fuel wastes within a 

repository setting. 

In addition to the data gathered under the Carbowaste project, other related work undertaken on 

behalf of the US DOE by Oak Ridge National Laboratory and GrafTech is covered.  This work has 

looked specifically at the direct recycle of graphite (both virgin and irradiated) into new graphite 

for nuclear applications.  

This report provides a summary of the data available on recycled graphite properties and 

characterisation undertaken to date. 

Revisions 

Rev. Date Short description Author Internal Review Task Leader WP Leader 

1 29.02.2012 Final report Jon Goodwin D Bradbury D Bradbury D Bradbury 

2       
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1 Introduction 

This report is in response to the Task 5.4.1, ‘Properties and characterization of recycled 

materials’, which is the first Task under the Task 5.4 - Products Evaluation of Work 

Package 5 (Recycling & New Products) of the Carbowaste Project. 

This report provides a summary of the properties and characteristics of the recycled 

graphite products produced under WP5 by various contributing organizations which 

include GrafTech, SGL Carbon and NRG.    

GrafTech’s contribution has involved the production recycled graphite via their 

innovative, fast processing technique, also utilizing carbon black (again, to represent 

the recycled graphite component), to produce graphite electrodes for use in within the 

nuclear industry for waste vitrification 
[1]

. 

SGL Carbon’s contribution has involved the production of recycled graphite, containing 

a proportion of carbon black (to represent the recycled graphite component), for use as 

a nuclear grade graphite for moderator or other similar reactor applications 
[2]

. 

NRG’s contribution has been the production of Silicon Carbide (SiC), from both virgin 

and irradiated graphite, with various potential end uses which includes its use as a 

ceramic for embedding spent fuels.  Further work by NRG is currently under way 

which is looking at the silicon carbides leaching characteristics, and these results will 

be reported as part of Task 6.2 ‘Disposal behavior of carbonaceous wastes’ 
[3]

. 

In addition to the work directly attributed to WP5 of the Carbowaste project; the results 

of work undertaken for the US DoE under their Deep Burn Project, by GrafTech and 

Oak Ridge National Laboratory have also been reviewed 
[4]

.  This work has considered 

the direct reuse of graphite (without gasification) as opposed to the route used under 

WP5, where the graphite is gasified, and then redeposited as carbon black thus 

providing partial decontamination in advance of recycle.  

This report therefore provides the results of the work undertaken to date relating to the 

properties and characteristics of recycled graphite. 
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2 GrafTech – Graphite Electrodes 

GrafTech International has investigated the possibility of using a so-called “fast” 

manufacturing process to fabricate small scale graphite electrodes to be used for the 

vitrification of nuclear waste. This graphite electrode has been made from a maximum 

fraction of carbon black that could potentially be derived from the purification of 

irradiated graphite waste. 

GrafTech fabricated 5 different varieties of graphite material that are made with 0 to 10 

% carbon black (% carbon black will be based on the dry fraction of the mix design) in 

order to evaluate the change in properties that occur as the fraction of carbon black 

within the graphite increases. They have manufactured several small billets at each of 

the described fractions of carbon black using their fast processing technology that 

allows them to reduce the standard production time required to fabricate synthetic 

graphite artifacts.  

After manufacture, the material was characterized for coefficient of thermal expansion, 

sonic modulus, specific resistance, density and flexural strength. Also, optical 

microscopy was used to evaluate the structure of the formed artifacts 
[1]

.  

2.1 Candidate Products 

Small scale graphite electrodes have been fabricated using a mixture of petroleum coke, 

binder (coal tar) pitch and varying fractions of carbon black additive. These ingredients 

have been mixed together at room temperature using pitch in the solid form. The pre-

made mixtures vary in carbon black content according to Table 2.1 below: 

Table 2.1 – Carbon Black Content of Candidate Products 
[1]

  

Mixture 
% Carbon Black 

(Thermax) 

A – control 0 

B 1 

C 2 

D 3 

E 4 

F 5 

G 10 
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The amount of pitch in each mixture has been optimized for the manufacturing 

conditions and the varying fraction of carbon black.  For example, artifacts made with 

higher amounts of carbon black require additional fractions of binder pitch. If too little 

binder pitch is used, the integrity of the formed artifact may become brittle and the 

structure questionable. 

The formulations described above were processed using a proprietary fast processing 

technique wherein the typical processing time for the manufacture of graphite is 

decreased. Use of this technique minimizes the handling time of the material, and 

greatly reduces processing costs and lead times.  

Mixture “G” was not able to be processed, as large aggregates of carbon black resulted 

in selected areas of the final artifact to become very brittle. The attempts at this large 

fraction of carbon black need to be reformulated to achieve improved results 
[1]

. 

2.2 Results & Discussion 

Optical microscopy images taken of representative areas of the final graphitic artifacts 

produced for this work are shown in Figure 2.1 overleaf.  Uniform structure is evident 

in the artifact, aside from aggregates of carbon black that seem to appear with increased 

loading of the non-graphitizable particles, as seen in Figure 2.2 (overleaf).  It is 

postulated that increased mixing time may help to correct the formation of the carbon 

black aggregates and in turn increase the overall processability, uniformity and quality 

of the final material 
[1]

.  



  

 

Page 9/72 

CARBOWASTE 
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste 

 

 

 

Figure 2.1 - Comparison of graphite artifacts made with varying concentrations 

(%) of carbon black. Images show uniform areas of graphitized material 
[1]

. 

 

 

Figure 2.2 - Optical microscopy images showing aggregation of carbon black due 

to lack of sustained mixing. Carbon black aggregates show as dark areas in 

polarized light 
[1]

. 
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Other analysis performed on the graphite artifacts included density, flexural strength 

(Figure 2.3), coefficient of thermal expansion (Figure 2.4), thermal conductivity (Figure 

2.5, overleaf), Young’s modulus and specific resistance (Figure 2.6, overleaf).  All 

figures show two samples tested for each value of carbon black loading 
[1]

.  

 
Figure 2.3 - Results of measured density and flexural strength at various levels of 

carbon black loading 
[1]

.  

 

 
Figure 2.4 - Measurement of the slight change in CTE as a function of carbon 

black loading 
[1]

. 
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Figure 2.5 - Measurement of the density and thermal conductivity of graphite 

made with varying levels of carbon black 
[1]

.  

 

 
Figure 2.6 - Variation in Young’s modulus and SR with varying levels of carbon 

black loading 
[1]

. 

While some variations are measured for the properties of the graphite artifacts, no 

significant deviations out of the range of acceptable properties were realized 
[1]

.  
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2.3 Conclusions 

Carbon black can be utilized as a filler material in new graphite artifacts. These 

materials can be manufactured using a fast-processing technique that reduces the total 

amount of material handling, as well as the total processing time. This process is of a 

significant advantage to the nuclear industry when considering the possibility of using 

previously irradiated, and processed materials into new artifacts for re-use.  

The work completed under this program has demonstrated that carbon black loading 

can easily be accomplished up to 5pph of the dry fraction of the material. Higher 

loading could probably be achieved by focusing on other methods to ensure more 

homogeneous mixtures prior to forming the artifact. Work in this area could help to 

alleviate significant aggregates of carbon black material that are seen via optical 

microscopy in the final product. 

The final properties of the graphite manufactured for this project are within the range of 

‘acceptable’ graphite material for the purpose of vitrification of nuclear waste. Further 

development work could also be done to significantly strengthen this material and 

improve the other basic properties of the graphite 
[1]

. 
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3 SGL Carbon – Nuclear Graphite  

SGL Carbon has investigated the incorporation of carbon black into the production 

process of nuclear graphite for use in graphite moderated reactors.  Carbon black 

represents their chosen intermediate material which can be reached through the 

gasification or graphite, and subsequent redeposition via the Sabatier Bosch reactions, 

and is therefore a potential route for partially decontaminated graphite to be recycled 

through its inclusion in new nuclear graphite.    

 

The production of candidate products was undertaken at SGL Group’s Raciborz facility 

in Poland.  For both legal and technical reasons decontaminated i-graphite for the trails 

was not available, and therefore all trials used carbon black as a substitute.  Specific 

formulations based on SGL Group’s industrial grade NBG-18 were tested in pilot plant 

scale and were analysed by standard quality control methods appropriate for synthetic 

graphite 
[2]

.   

3.1 Experimental Procedure 

For the test program, the following raw materials were selected: 

 Isotropic pitch coke, as typically used for nuclear graphite production 

 Carbon black, grade P-803, from Konimpex, Poland (properties see Table 3.1) 

Table 3.1: Product properties for Carbon Black P-803 
[2]

 

Parameter Value 

Specific Surface Area 14 – 18 m2/g 

DBP Absorption 86 – 100 cm3/(100 g) 

Ash Content  Max. 0.5 % 

Sieve Residue (45 μm) Max. 0.08 % 

 

The pilot plant process utilized followed the principle way of industrial nuclear graphite 

production (Fig. 3.1 and 
[5]

), which consists of raw material preparation by crushing and 

screening, mixing in defined proportions with pitch, shaping by extrusion or 

vibromolding, baking the resulting green product, densifying by pitch 

impregnation/rebaking, and finally graphitising the artefact in an Acheson 

graphitization furnace. In contrast to the industrial process, block-pressing was used in 

pilot plant scale instead of vibromolding to avoid additional experimental scattering 
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through the forming process and no purification technique was applied during 

graphitization. With regard to the task, these aspects are considered non-significant for 

the objective of this activity.  Isomolding was not considered as this requires a 

completely different raw material preparation and green process, and moreover, no 

internal reference was available 
[2]

. 

 

 

Figure 3.1 - Nuclear Graphite Production Process (schematic)
 [2]

 

The coke was prepared in the conventional way, i.e. crushing, milling, and screening 

into defined grain fractions with a maximum grain size of 1.6 mm. Part of the coke was 

milled down to flour with an approximate maximum particle size of 200 microns. 

Carbon black replaced this flour fraction, in order to keep the overall granulometry 

constant.  Carbon black was used as received from supplier. 

 

As concluded from graphitization tests with coke and carbon black 
[6]

, the maximum 

content of carbon black was set to 15 %, which resulted in dry aggregate compositions 

for the trials, as listed in Table 3.2 (overleaf). Reference formulation was SGL 

GROUP's grade NBG-18. 
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Table 3.2 - Dry aggregate compositions for pilot plant trials 
[2]

 

 Reference Trial 1 Trial 2 

Coke 100 % 92.5 % 85 % 

Carbon Black - 7.5 % 15 % 

 

30 kg of the dry raw material mixes each were mixed with conventional coal-tar binder 

pitch (softening point 84 ºC (KS)) in a sigma-blade mixer for 50 minutes at 160 ºC. The 

binder contents were determined empirically with regard to the plasticity of the 

resulting carbonaceous paste. The pitch amount increased with increasing carbon black 

content in the formulation (Table 3.3). The relative binder amount considerably 

increased by 13.6 % from reference to Trial 2 (15 % carbon black addition). 

 

Table 3.3 - Coal-tar pitch binder content in green mixes 
[2]

 

 Reference Trial 1 Trial 2 

Dry Aggregate 84.6 % 83.4 % 82.5 % 

Binder Pitch 15.4 % 16.6 % 17.5 % 

 

The resulting carbonaceous paste was transferred to the mould of the pilot plant 

hydraulic block press and shaped at a pressure of 28 MPa under vacuum of 150 mbar. 

The green blocks of approximate dimensions 200 x 200 x 220 mm were measured for 

geometrical apparent density (Table 3.4). 

 

Table 3.4 - Green apparent density of pilot plant blocks 
[2]

 

 Reference Trial 1 Trial 2 

Green Apparent Density 1.65 g/cm3 1.64 g/cm3 1.61 g/cm3 

 

The green blocks were embedded in coke breeze and baked in a Nabertherm® chamber 

furnace with a cycle time of 325 hours with a maximum temperature of 850 ºC held for 

16 hours (Figure 3.2). 

 



  

 

Page 16/72 

CARBOWASTE 
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste 

 

 

 
Figure 3.2 - Baking cycle (temperature vs. time [h])

 [2]
 

After baking, the blocks were impregnated twice with conventional coal-tar 

impregnation pitch (softening point 60 ºC (KS)) to improve mechanical strength and 

provide a good thermal conductivity after graphitization. After heating the samples to 

300 ºC in an autoclave, vacuum (50 mbar) was applied for 15 minutes. After immersing 

the samples in the autoclave in liquid impregnation pitch with a temperature of 210 °C, 

a nitrogen pressure of 7 bar was applied for 2 h to secure impregnation of the entire 

sample. After each impregnation step the samples were embedded in coke breeze and 

carbonized at 850 ºC (162 h cycle, soaking time 12 h) in a Nabertherm® chamber 

furnace. The reduction in baking cycle time for baking a baked/impregnated vs. a green 

body is typical due to the lower sensitivity of an already baked material. 

As final heat treatment step, the blocks were loaded in an Acheson lab graphitization 

furnace and heated up to 2900 ºC. After cooling down, cores were drilled from the lab 

samples for lab analyses. The visual appearance of the blocks and core samples was 

normal (Figure 3.3, overleaf) 
[2]

. 
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Figure 3.3 - Samples after graphitization (from left to right: Reference, Trial 1 

with 7.5% carbon black, Trial 2 with 15% carbon black)
 [2]

 

 

3.2 Laboratory Results 

The bulk density of the trial blocks was measured after each process step. After the 

final graphitization step, differences from previous process steps basically levelled off, 

i.e. the resulting Bulk Density was practically the same, as shown in Figure 3.4. 

 

 
Figure 3.4: Evolution of Bulk Density of the Pilot Plant Trial Materials 

[2]
 

Core samples were taken from the blocks, as shown in Figure 3.3 and submitted to lab 

analyses in Quality Lab of Raciborz plant (Table 3.5, overleaf). 
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Table 3.5 - Laboratory data for pilot plant trial materials 
[2]

 

 
 

It became obvious, that there is considerable impact on the mechanical and thermal 

properties of the graphite material. The addition of 15 % carbon black dramatically 

decreased mechanical strength – both compressive and flexural – by up to about 70 % 

and thermal conductivity by 32 % vs. Reference. 

The measurements on Apparent Density confirmed the results measured on full blocks, 

i.e. no particular impact of carbon black addition. 

The trends on mechanical strength (Figure 3.5) and thermal conductivity (Figure 3.6) 

become even more prominent when plotted against the content of carbon black. For 

smoothness, against- and with-grain figures were averaged 
[2]

. 
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Figure 3.5 - Evolution of mechanical strength with amount of carbon black 

addition 
[2]

 

 
Figure 3.6 - Evolution of thermal conductivity with amount of carbon black 

addition 
[2]
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3.3 Conclusions and Recommendations  

The trials with addition of carbon black as surrogate for decontaminated i-graphite 

revealed several aspects with regard to potential application in industrial scale. The 

addition of carbon black as raw material had a significant impact on the binder demand. 

 

Due to its finer particle size vs. coke flour and therefore higher surface area binder 

demand increases. While this is less critical for pilot plant scale trials, one can envisage 

a bigger impact for industrial-scale blocks with dimensions of 500 x 500 x 2000 mm or 

bigger. Then, a higher binder content can create a higher porosity due to escape of more 

volatiles during baking (binder pitch carbonization). In worst case, cracks and structural 

defects occur in the material. To the same extent this can be counteracted with additives 

or modified baking curves, but one can assume that 15 % of carbon black will exceed 

this limit. 

 

Regarding material properties, a significant and increasing deterioration of mechanical 

and thermal characteristics is observed with increasing amounts of carbon black in the 

formulation. Especially the flexural strength suffers from the presence of carbon black. 

This can cause safety concerns when moderator or reflector blocks will be under 

thermo-mechanical stress during reactor start-up and operation including 

shrinkage/swelling under irradiation. A high thermal conductivity for good heat flux to 

transfer thermal energy to the cooling gas is another aspect to be considered. Also here, 

the addition of carbon black deteriorates the material properties as the response to heat 

treatment temperature is much less than coke. This cannot be healed as further increase 

of graphitization temperature would lead to further reduction of mechanical strength vs. 

reference material. 

 

Overall, one can conclude from the results of the trials that maximum only 5-10 % of 

carbon black can be tolerated from process requirements and product properties point of 

view.  

 

Mechanical characteristics might still be improved through a secondary raw material 

preparation, i.e. producing a precursor from carbon black and pitch, baking and 
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crushing the baked product for using it as raw material component for nuclear graphite 

production instead of plain carbon black. However, the thermal properties would only 

be marginally affected, keeping the addition limit for carbon black (and hence i-

graphite decontaminated via the gasification route) still at around 10 %. Direct use of i-

graphite or material from other decontamination routes were not considered due to the 

presence of critical radionuclide’s which constitutes a particular issue when producing 

moderator/reflector graphite in industrial scale of several hundred tons. Chances exist 

that the response to graphitization is better than for carbon black (-type) materials. This 

would remain to be investigated with actual i-graphite – pure or decontaminated – 

which would require handling and thermal treatment in adequately equipped lab 

facilities. This, however, was outside the scope of this Task and Work Package 5 in 

CARBOWASTE 
[2]

. 
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4 NRG – Silicon Carbide  

NRG under WP5, produced SiC (Silicon Carbide) under laboratory conditions using 

both un-irradiated and irradiated graphite.  Following a detailed literature review into 

the potential methods for use in SiC formation, a voltage-assisted self –heat sustained 

method was chosen as the most suitable method to form SiC from graphite. This work 

led to the formation of crystalline pure SiC from virgin graphite. The same procedure 

was used to form SiC from irradiated graphite. A sufficient amount of SiC was prepared 

to be used for the leaching experiments in WP6. 

 

The purpose of this work is to provide a basis for the use of using irradiated graphite 

through its conversion into SiC, to form recycled products which could include 

products specially manufactured to stabilise carbon in a radioactive waste disposal site, 

or to act as confinement or packing material for other wastes and thermal management, 

in the repository site.  It addition, the use recycled graphite in the form of SiC could 

provide substantial opportunities to minimise waste volumes through its reuse in the 

coated-particle fuel for new HTR reactor designs 
[3]

. 

 

Table 4.1 - The typical properties of Silicon Carbide (SiC)
 [3]

  

Property Value 

Density 3.2g/cm3
 

Hardness 21-25 GPa 

Fracture toughness 3-6 MPa·m1/2
 

Young’s modulus 420 GPa 

Bend strength 450-650 MPa 

Thermal expansion coefficient 4-5·10-6 K-1
 

Thermal conductivity in order of 50 W/mK 

 

Because of its high hardness, SiC is extensively used as abrasives and in grinding 

wheels. SiC is also used as a refractory (high thermal conductivity, high decomposition 

temperature, chemical inertness, low wettability by molten metal’s and slag’s), heating 

element (appropriate electrical properties) and high-temperature semiconductor (only 

ultra-pure, doped SiC), as well as a structural material in contact with corrosive liquids 
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such as concentrated HF and NaOH (due to its excellent corrosion resistance) and in 

heat engine components (due to its excellent wear resistance; its low coefficient of 

friction reduces wear in contact with itself or other materials) 
[3]

. 

4.1 Experimental Procedure 

Based on the literature research, a method similar to the Morancais SHS method was 

used to form SiC from graphite and silicon. First, the method was tested with virgin 

graphite. When the procedure was modified and established, the formation of SiC from 

irradiated graphite could start 
[3]

. 

 

4.1.1 Raw materials 
 

The raw materials used for the laboratory scale production of Silicon Carbide were: 

 

 Silicon powder (Alpha Aesar) – crystalline, 325 mesh, 99.5 % metal basis D50 

– 4.29 μm 

 Graphite powder (Alpha Aesar) – natural, universal grade, 200 mesh, 99.9995% 

metal basis 

 Irradiated graphite – irradiated graphite from Carbowaste WP3 – RRT test was 

used, this graphite originates from UNGG, EdF.  (The elemental analysis of 

blank graphite is presented in Table 4.2 below) 

 Ethanol/methanol 
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Table 4.2 – Elemental Data for the irradiated graphite used for SiC formation 

(UNGG, EdF graphite sleeves) 
 

 
 

NB: The Sn concentration is a cross contamination from the tool for taking samples. 

 

4.1.2 Experimental Setup 
 

A new setup for the experiment was built, as shown in Figure 4-1. This setup was 

designed to avoid pressure on the molybdenum wires during movement of the pellet to 

the middle of the ceramic tube in the high temperature oven (HTTF) – because during 

testing of the original setup wires were often broken. This setup consists of a ceramic 

tube with a length of 1 meter with 2 bores (an internal diameter of 1 mm). A ceramic 

dish was fixed to the ceramic tube using an aluminium oxide mixture (ceramic paste), 

which was slowly sintered to 1000°C to harden. Afterwards the two molybdenum wires 

were placed through the bores and cut to length. After forming the ends of the 

molybdenum wire so that the two graphite plates could move freely, the space between 

the bore and the molybdenum wire was filled up with ceramic paste. This ensured that 

there would be no gas leakage through this end 
[3]

. 
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Figure 4.1 - Fixed dish to tube (left) and setup placed in the HTTF oven (right)

 [3]
 

 

4.1.3 Experimental procedure 
 

Reactive samples were prepared from a stoichiometric ratio of graphite and silicon 

(30wt% of C – 70wt% of Si) mixed in an ethanol/methanol solution for 60 min. in a 

ball mill IKA mixer. When the mixing was finished, the ethanol/methanol was 

evaporated and the powder mixture was pressed (low pressure) into a pellet suitable for 

the reaction setup. The sample was placed between two graphite discs, where 

molybdenum wires were placed for the voltage application at the desired temperature. 

This setup was put into the oven, the temperature program was applied, and then the 

voltage. 

 

The following temperature program, slower than described by Morancais, et al. in 

reference 
[7]

 was used as the starting basis but was modified as experiments proceeded: 

 

 100°C/h to 200°C 

 200°C for 10 h 

 200°C/h to 1430°C 

 1430°C for 2h 

 [voltage application] 

 200°C/h to RT. 

 

When finished (see Figure 4.2, overleaf), the sample was taken from the setup and 

analyzed by XRD and SEM 
[3]

. 
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Figure 4.2 - A SiC pellet after the Morancais SHS method 

[3]
 

 

To optimize the formation process, different reaction conditions were tested. Various 

times and values of voltage were used, several ratios of Si/C in starting mixture, 

different sintering time and two different atmospheres – argon and noxal (95% argon+ 

5% hydrogen) or their combination – were tested. 
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4.2 SiC formation from virgin graphite 

4.2.1 SEM analysis of raw materials and formed SiC 
 

 
Figure 4.3 - SEM Image of virgin graphite 

[3]
 

 
Figure 4.4 - SEM Image of Silicon 

[3]
 

 



  

 

Page 28/72 

CARBOWASTE 
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste 

 

 

 
Figure 4.5 - SEM Image of Silicon Carbide (SiC) 

[3]
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4.2.2 XRD analyses of formed SiC 
 

X-ray powder diffraction (XRD, Bruker Advance D8) was used to evaluate the SiC 

formation by the Morancais SHS method, as well as SHS without voltage. All 

measurements were done at the ambient temperature, with angle of 20- 80 2θ. 

All tested combinations of reaction conditions (see above Experiment Procedure) were 

measured by XRD, and results are presented in the following diffractograms, Figure 4.6 

through to Figure 4.10. 

In the diffractograms, colour patterns are used as follows: β - SiC, α- SiC, graphite and 

silicon. 

 

Diffractogram 1 

Original mixture (mengsel) of Si and graphite 

SiC-02-002: after Morancais SHS (20 s, 0.8 V) reaction - Argon 

SiC-02-004: after Morancais SHS (40 s, 0.8 V) reaction - noxal 
 

 
Figure 4.6 Diffractogram 1

[3]
 

 

The first trial led to formation of SiC, but there are still original carbon and silicon 

present in the mixture.  
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Diffractogram 2 

SiC-02-004: after Morancais SHS reaction - noxal 

SiC-02-005: 5 hours 1430°C after Morancais SHS reaction - noxal 

SiC-02-006: 5 hours 1430°C after SHS (with no voltage) - noxal 

SiC-02-007: 5 hours 1430°C after SHS (with no graphite spray – no voltage) – noxal 

 
Figure 4.7 - Diffractogram 2

[3]
 

In this diffractogram, the time at 1430ºC was prolonged to 5 hours, which had positive 

influence on the formation of SiC – all Si had reacted and it is no longer visible by 

XRD, although there is still a part of original graphite in the mixture. It was also tested 

without the voltage application during the SHS reaction and it seemed that the reaction 

can occur even without the voltage application, i.e. different time and value of voltage 

had no influence on the SiC formation 
[3]

. 
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Diffractogram 3 

SiC-02-005: 5 hours 1430°C after SHS reaction - noxal 

SiC-02-009: 40 sec SHS with voltage application + 5 hr 1430°C noxal + 1 hr 1430°C 

argon 

SiC-02-010: 40 sec SHS with voltage application + 4 hr 1430°C noxal + 2 hr 1430°C 

argon 
 

 
Figure 4.8 - Diffractogram 3

[3]
 

As shown in diffractogram 2, there was still some free graphite present in the mixture. 

There were several tests done to try to remove the free carbon by thermal treatment. 

The reaction mixture was, after the normal heating in noxal, then additionally heated in 

argon for a period of one or two hours, which led to less amount of carbon in the 

mixture 
[3]

. 
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Diffractogram 4 

SiC-02-012: 4 hr 1430°C noxal + 2 hr 1430°C argon 

SiC-02-012b = SiC-02-012 + 3 hr 1430°C noxal + 3 hr 1430°C argon 

SiC-02-012c = SiC-02-012b + 5 hr 1600°C argon 

SiC-02-012d = SiC-02-012c + 5 hr 1350°C argon 

SiC-02-012e = SiC-02-012d + 5 hr 1500°C argon 

SiC-02-012f = SiC-02-012e + 50 hr 1600°C argon 
 

 
 

Figure 4.9 - Diffractogram 4
[3]

 

Other tests were done with different time periods at the two atmospheres and even with 

higher temperatures. The higher temperature – 1600 ºC – during a long period (50 h) 

led to decomposition of the formed SiC to Si and C 
[3]

. 
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Diffractogram 5 

SiC-02-012f = SiC-02-012e + 50 hr 1600°C argon  

 
Figure 4.10 - Diffractogram 5 

[3]
 

In the diffractogram above, measurements of different parts of the sample SiC-02-012f 

are depicted. It shows that mainly on the outside of the sample, free Si appears at the 

temperature 1600 ºC. 

Based on the presented results, it was concluded that the best way to form SiC is: 

A mixture of Si and C powders (50mol %: 50mol %), is mixed by IKA mixer for 

60 min. in ethanol. After mixing, ethanol is evaporated in the box atmosphere. 

Pellets are pressed at low pressure and then heated to 1430ºC for 7 hours in noxal 

and 10 hours in argon. 

This procedure was then applied for SiC formation from irradiated graphite 
[3]

. 
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4.3 SiC formation from irradiated graphite 

The SiC formation from irradiated graphite was done according to the procedure 

established for virgin graphite. 

 

4.3.1 SEM analysis on silicon carbide formed from irradiated graphite 
 

The irradiated graphite and the formed silicon carbide powders were analyzed by SEM 

(JEOL 6490 LV SEM). 

 
Figure 4.11 - SEM picture of irradiated graphite (x250)

 [3]
 

 

 
Figure 4.12 - SEM picture of irradiated graphite (x500)

 [3]
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Figure 4.13 - SEM picture of SiC produced from irradiated graphite (x250)

 [3]
 

 

 
Figure 4.14 - SEM picture of SiC produced from irradiated graphite (x500)

 [3]
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4.3.2 XRD analysis on silicon carbide formed from irradiated graphite 
 

First, an XRD analysis of both graphite types was done. 
 

Diffractogram A + detail 

C onbestraald – C virgin, powder – in black 

C bestraald – C irradiated, powder - in red 

 
Figure 4.15 - Diffractogram A

[3]
 

In the following diffractogram (Figure 4.16, below), a detail of diffractogram A is 

depicted, and the height of the main peaks is changed to allow direct comparison of the 

two measurements. The position of the two main peaks differs negligibly; it is the same 

crystalline structure, although the virgin graphite is better crystalline. No other 

crystalline structures were found 
[3]

. 

 
Figure 4.16 - Detail of diffractogram A

[3]
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Diffractogram B 

SiCirr-01-002 powder: 6 hr 1430°C noxal + 6 hr 1430°C argon 

SiCirr-01-002b powder: 6 hr 1430°C noxal 

SiCirr-01-002c powder: 4 hr 1430°C noxal + 6 hr 1430°C argon 

SiCirr-01-002d powder: 6 hr 1600°C argon 

SiCirr-01-002e powder: 2 hr 1600°C argon 

SiCirr-01-002f powder: SiCirr-01-002c + 2 hr 815°C air 

SiCirr-01-002g powder: SiCirr-01-002c + 16 hr 815°C air 
 

An overview of different measurements is presented. Details and differences are 

explored in subsequent diffractograms 
[3]

. 

 

 
 

Figure 4.17 - Diffractogram B
[3]
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Diffractogram C – all 3 samples heated to 1430ºC 

SiCirr-01-002 powder: 6 hr 1430°C noxal + 6 hr 1430°C argon 

SiCirr-01-002b powder: SiCirr-01-002 + 6 hr 1430°C noxal 

SiCirr-01-002c powder: SiCirr-01-002b + 4 hr 1430°C noxal + 6 hr 1430°C argon 
 

In this diffractogram, it can be seen that heating in the noxal atmosphere only is not 

sufficient; also the time of the heating in the reaction atmosphere can influence the 

reaction results. The best result is achieved by 4 hr 1430°C noxal + 6 hr 1430°C argon, 

but even in this reaction mixture, some free C is still present 
[3]

. 

 

 
Figure 4.18 - Diffractogram C

[3]
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Diffractogram D – 2 samples heated to 1600ºC 

SiCirr-01-002d powder: SiCirr-01-002c + 6 hr 1600°C argon 

SiCirr-01-002e powder: SiCirr-01-002c + 2 hr 1600°C argon 
 

In this diffractogram, the mixtures were heated to 1600 ºC to try to remove the free C 

from the mixture. Unfortunately, this reaction led to the decomposition of the formed 

SiC, even when heated to 1600 ºC for 2 hours only (different from results with SiC 

formed from virgin graphite, where heating at 1600 ºC for a period of 5 hours did not 

lead to its decomposition)
 [3]

 . 

 

 
Figure 4.19 - Diffractogram D

[3]
 

As mentioned above, many tests were performed to establish the right reaction 

conditions for the SiC formation from irradiated graphite. Unfortunately, it has to be 

concluded that the reaction between irradiated graphite and silicon did not lead to the 

formation of pure SiC; a small amount of free C is always present as well 
[3]

. 

 

 

  



  

 

Page 40/72 

CARBOWASTE 
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste 

 

 

4.4 SiC formation from irradiated graphite for leaching experiments 

This Carbowaste project WP5 is followed by WP6 - Task 6.2: Disposal behaviour of 

carbonaceous waste. In this task, chemical properties of the formed SiC will be studied. 

A set (at different temperature and in various leaching liquids) of leaching experiments 

will be performed. To allow the leaching experiments, an amount of about 8 g of SiC 

had to be produced using the irradiated graphite. The same procedure was followed to 

form this silicon carbide, only bigger amounts of the reaction mixtures were used 

(about 1 g). To allow the reaction to occur properly, the period of thermal treatment was 

prolonged to 40 hours. Several batches were made and reacted. Their composition was 

checked by XRD 
[3]

. 

 

 
Figure 4.20 - XRD of SiC for the leaching experiments – batch 2 and 3

[3]
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Figure 4.21 - XRD of SiC for the leaching experiments – batch 2 and 3 and their 

mixture – batch 4
[3]

 

Sufficient amount (8 g) of SiC for the leaching experiments was prepared and this 

material will be used in the following work within the WP6 
[3]

. 
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4.5 Conclusions 

The SiC formation from graphite was studied. Based on the literature research, a slower 

version of the Morancais self-heat-sustained (SHS) method was used to form SiC. This 

method was applied first to virgin graphite; when the method was modified and 

established, irradiated graphite was used. 

 

Many tests at different reaction conditions were tested to form pure SiC; all tests were 

followed by XRD. The optimal combination of reaction conditions was identified to 

yield the best SiC. It was determined that different time and value of voltage had no 

influence on the SiC formation, and in fact voltage is not needed for this application. 

Based on results, it can be concluded that pure SiC from graphite and silicon can be 

formed directly. 

 

The same procedure was applied to the irradiated graphite; unfortunately these two 

graphite types seem not to react in the same way. Reaction conditions were changed to 

find out the way to get pure SiC using the irradiated graphite. However, besides the SiC 

a small amount (less than 5%) of free carbon was always still present after the reaction 

process. 

 

The synthesis of SiC for the leaching experiments within the WP6 – task 6.2was 

undertaken. A sufficient amount of silicon carbide SiC was produced and characterized; 

it can be used for the experiments 
[3]

. 
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5 DOE Deep Burn Program 

External to the current Carbowaste Programme, work has been undertaken by Oak 

Ridge National Laboratory and GrafTech, under contract to the US DOE as part of their 

Deep Burn Program, which has relevance to the work being undertaken within Work 

Package 5.  As this report represents the collation of data defining the properties and 

characteristics of recycled graphitic products; this could not be deemed comprehensive 

without summarising the sterling work undertaken under the Deep Burn Program 
[4]

.   

5.1 Introduction 

The R&D activities relating to the technology of nuclear fuel “Deep-Burn” are aimed at 

establishing the technological foundations that will support the role of the Very-High-

Temperature, gas-cooled Reactor (VHTR) in the nuclear fuel cycle, one of the 

prototype reactors being researched under the DOE’s Generation IV Nuclear power 

program.  

Part of the Deep Burn Program,  in which plutonium and higher transuranics recycled 

from spent nuclear fuel are destroyed while generating energy, is focused on the 

potential recycle of large portions of the graphite in order to mitigate the impact of this 

potentially enormous volume of activated waste.  

The ultimate scope of commercial graphite recycle is challenging as it will require the 

large scale processing (crushing, pressing, chemical purification and machining) of 

large blocks of irradiated graphite. The current Deep Burn effort related to graphite 

recycle is limited to whether the reformation of graphite is technically viable. To 

address this, three areas of work have been undertaken:  

1. Investigating the viability of recycling non-irradiated graphite . 

2. Investigating the annealing kinetics of irradiated graphite in the annealing range 

appropriate to the recycle process. 

3. Investigating the potential to recycle nuclear graphite. Recycled graphite was made 

with increasing percentages of ground (un-irradiated) graphite, and properties were 
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measured for each specimen. The process was then carried out on the irradiated, 

radioactive graphite. 

Nuclear grade graphite used as a moderator should preferably exhibit certain key 

properties in order to minimize structural damage during irradiation. The process of 

nuclear grade graphite manufacture is shown in the process flow diagram in Figure 5.1, 

overleaf. The recycle graphite process, on an industrial scale, would be identical to this 

except that the coke filler would be replaced with particles of ground irradiated graphite 

[4]
. 
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Figure 5.1 - Process flow diagram for production of graphite 

[4]
 

The pilot scale billets were processed with increasing amounts of (unirradiated) 

graphite (from 20% to 100%) introduced to the formulation with the goal of 

determining if large fractions of recycle graphite have deleterious effect on properties. 

Ultimately, selected specimens will provide irradiated raw stock for the study of 

irradiated graphite recycle. 

GROUND RECYCLED GRAPHITE 
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5.2 Experimental 

5.2.1 Materials  

A block of PCEA graphite (nuclear grade, extruded grade, pitch impregnated three 

times) was obtained and ground into a set (non-disclosed) particle size. The ground 

PCEA graphite particles were designated as “RG” particles for tracking purposes. In 

total, 27 graphite billets were fabricated for the initial phase of this study. Nine (9) mix 

formulations containing different percentages of RG were used and three (3) billets 

were made per mix formulation. Figure 2 shows an image of nine (9) billets, one from 

each mix formulation.  

 
Figure 5.2 - Image of recycle PCEA billets formed by GTI under Subcontract to 

the Deep Burn program; one is shown from each mix formulation 
[4]

 

In addition to the “virgin” nature of the recycled graphite starting material, and the scale 

of the graphite products being formed, the other significant difference in the GTI work 

as compared the ORNL effort previously reported 
[8]

 is the fact that it is a 3 PI material. 

Thus, the GTI materials are appreciably denser due to the second and third 

impregnation.  
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The density of the recycled graphite (as reported by GTI) was relatively unaffected by 

the percentage of RG particles. The densities of all of the billets (except the second in 

Mix #1) are all over 1.8 g/cc, which is typical of nuclear graphite. The lowest density 

(1.789 g/cc) was actually found in the set of billets with the least amount of recycle 

material, which was 20%. The density of the final recycle graphite does not appear to 

be negatively impacted by having 100% recycle material. No virgin material, such as 

coke or synthetic graphite, appears necessary when making the recycled graphite from 

non-irradiated stock.
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5.3 Results and Discussion  

5.3.1 Bulk Density  

The recycle graphite fraction was introduced into the green mix in two forms, particles 

or a particle/flour mix. The billets were sampled to provide 15 specimens (6x6x50 mm) 

in the with-grain (WG) and 15 specimens in the against-grain (AG) orientation. The 

density in the WG orientated specimens appear to be consistently greater than in the 

AG , and reflects the preferred orientation of the extruded billet texture. The range of 

densities is similar for both graphite’s (flour/particles and particles) although the 

graphite with flour/particles in its mix appears to exhibit a maximum density at ~60% 

recycle fraction. A maximum is not seen in the density of the graphite with particles 

only, rather, the density increases when the recycle fraction increases above ~25% 

reaching ~1.84 g/cm
3
 at 50% recycle fraction. It should be noted that the overall 

variation in density of the graphite billets were relatively small, ranging from 1.812 

to1.846 g/cm
3
, a variation of less than 2%, in agreement with the GTI whole billet data. 

 

5.3.2 Elastic Modulus  

The mean Dynamic Young’s Modulus values obtained from the specimen sets 

demonstrates that property anisotropy is observed, the WG value being consistently 

greater than the AG value, although the observed differences were generally less than 

10% (typical for near-isotropic graphite). There appears to be no systematic variation of 

modulus with recycle fraction. 

 

5.3.3 Electrical Resistivity  
There appears to be no systematic variation of electrical resistivity with recycle 

fraction. The observed variations were small, being less than ±1 standard deviation. 

Typically for an extruded product the WG resistivity is less that the AG resistivity. This 

was not uniformly observed in our data sets. However, grade PCEA is an isotropic 

grade and thus the variation with grain orientation would be expected to be small and 

may be less than the experimental error (standard deviation). 
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5.3.4 Coefficient of Thermal Expansion  

All of the specimens tested have exhibited the expected thermal expansion behaviour 

with an increasing expansion coefficient with increasing temperature. The ASTM 

specification 
[9]

 for nuclear graphite required the average CTE (RT to 500°C) in the WG 

direction to be between 3.5 and 5.5 °C-1, a requirement which all specimens tested have 

met. The AG CTE is larger than the WG CTE as expected. The ASTM Specification 
[9]

 

requires the CTE (RT-500°C) ratio (AG/WG) to be between 1.0 and 1.10 for isotropic 

extruded nuclear graphite. The data for billet 03-4 gives the CTE (RT-500°C) as 1.09 

indicating the recycle PCEA graphite would qualify as an “isotropic” grade. A limited 

data set for CTE in the WG direction suggests that increasing the recycle fraction 

causes a slight reduction in CTE. Further work is needed to confirm this. 

 

5.4 Conclusions  

A series of recycle PCEA graphite pilot scale billets were manufactured.  Thirty 

specimens were machined from each billet (15 with grain and 15 against-grain 

specimens). The characterization performed here suggests that increasing the recycle 

fraction of graphite has no deleterious effect on the properties of the graphite. There is 

some evidence of CTE being reduced by increasing recycle fractions, but the reduction 

is small. Thus it appears as if the coke filler could be completely replaced with ground 

recycle graphite. However, further work is needed to complete this study. 

For a further, more detailed account of the work reported here, please refer to the 

following reference: 

Burchell, T., Pappano, P. ‘The Characterization of Grade PCEA Recycle Graphite 

Pilot Scale Billets’, (Rep No. ORNL/TM-2010/00169). August 27
th

 2010. 

For the tabulated data and graphical plots associated with the properties and 

characterisation of the recycled graphite produced under Deep Burn, please refer to 

Appendix A. 
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6 Discussion 

The use of carbon black as an intermediate for recycling irradiated graphite has been 

achieved, although there are significant limitations on the proportion which can be 

included within ‘new graphite’ which if exceeded would have significant consequences 

on the products properties (strength etc..).   

Further work should be undertaken to optimise the proportion of carbon black which 

can be incorporated, primarily in respect to its addition to the recipe, as it has been 

shown that without significant mixing prior to the forming of the ‘green artifact’ the 

carbon black with form aggregations which affect the strength of the final product. 

The work undertaken by Oak Ridge National Laboratory and GrafTech as part of the 

US DOE Deep Burn project, has shown that candidate products produced directly from 

irradiated graphite are considerably more robust, and retain nuclear graphite grade 

properties even with very high additions of recycled graphite.  This is not a surprising 

conclusion, since the recycle of a certain proportion of graphite has been a routine part 

of manufacturing processes.   

The uptake of graphite recycle on an industrial scale requires the consideration of other 

factors besides those discussed above, and this was recognised at the outset in the 

design of the Work Package 5 programme.  In particular the requirement for fully 

radiologically qualified manufacturing facilities (including gamma shielding) was 

considered an almost insurmountable barrier to industrial uptake of graphite recycle.  

Accordingly the carbon black route was selected because it allowed for efficient 

decontamination of the graphite prior to recycle, most particularly the removal of 

gamma emitting isotopes.  Accordingly the use of simple containment techniques 

would provide sufficient radiological protection during the manufacturing processes.  

Furthermore, the selection by the manufacturers of simple manufacturing routes for 

products meant that just a part of their facilities (and not the whole factory) could be 

radiologically qualified for recycle activities. 

Since the original design of the WP5 programme there has been significant 

developments in the decontamination of graphite, and the concerns expressed in the 
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previous paragraph might not be so serious in the light of these developments.  If 

graphite can be effectively decontaminated by gas phase or liquid phase methods, the 

radiological constraints on its recycle might be eased. 

The worked undertaken in Work Package 5, coupled with that in the Deep Burn 

Programme summarised here and the more recent decontamination developments (e.g. 

as reported in Work Package 4 of CARBOWASTE) will provide a good basis for the 

manufacturers to consider future commercial opportunities for graphite recycle.  They 

will have the options of using 1) carbon black as a substrate, which permits a limited 

uptake of recycled graphite in the final product but would only require minimal 

radiological protection costs for manufacturing, 2) using graphite which has been 

extensively decontaminated using the new techniques or 3) using undecontaminated 

graphite and bearing the full cost of radiological protection of the manufacturing 

facilities. 

.   
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Glossary 

AG Against Grain 

ASTM American Society for Testing and Materials 

CTE Coefficient of Thermal Expansion 

DBP Dibutyl Phthalate  

EdF Électricité de France  

GTI GrafTech International 

HTR High Temperature Reactor 

IKA Mixer 

NBG Nuclear Block Graphite 

ORNL Oak Ridge National Laboratory 

pph Parts per hundred 

R&D Research & Development 

RG  Recycled Graphite 

RRT Round Robin Test 

SEM Scanning Electron Microscopy 

SHS Self Heat Sustained 

SiC Silicon Carbide 

SR Specific Resistance 

UNGG Uranium Naturel Graphite Gaz 

USDOE United States Department Of Energy 

VHTR Very High Temperature Reactor 

WG With Grain 

XRD Powder X-ray Diffraction  
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Appendix A: Properties and characteristics of the graphite materials 
 
A1 - Mass, volume, and densities for GTI recycle PCEA graphite 
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A2 - GrafTech pilot scale billets being characterized at ORNL 

 
 

 

 
A3 - The variation of bulk density with recycle fraction for the GrafTech billets made with 

recycle graphite as particles in the green mix 
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A4 - The variation of bulk density with recycle fraction for the GrafTech  

billets made with recycle graphite as a particle/flour mix in the green mix 

 

 

 

 
 

A5 - Variation of Mean dynamic Young’s modulus with recycle fraction for the GrafTech 

billets made with recycle graphite as particles in the green mix 
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A6 - Variation of Mean dynamic Young’s modulus with recycle fraction for the GrafTech 

billets made with recycle graphite as a particles/flour mix in the green mix 

 

 

 

 

 
A7 - Summary of mean Electrical Resistivity data organized by % of  

recycle particles and specimen orientation 
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A8 - Summary of mean Electrical Resistivity data organized by % of  

recycle particles/flour and specimen orientation 
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A9 - Electrical resistivity for each specimen, and the mean and standard deviation of the billet/orientation group  

(particles only) 
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A10 - Electrical resistivity for each specimen, and the mean and standard deviation of the billet/orientation group  

(particles & flour) 
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A11 - Thermal expansion behaviour of PCEA recycle graphite specimen 04 

-3-4 (AG) with 27.3% of recycle particles 

 

 
A12 - Average CTE of PCEA recycle graphite specimen 04-3-4 (AG) with 27.3% of 

recycle particles 
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A13 - Thermal expansion behaviour of PCEA recycle graphite specimen  

04-3-5 (AG) with 27.3% of recycle particles 

 

 

 

A14 - Average CTE of PCEA recycle graphite specimen 04-3-5 (AG) with 27.3% of 

recycle particles 
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A15 - Thermal expansion behaviour of PCEA recycle graphite specimen 04-3-1 (WG) 

with 27.3% of recycle particles 

 

A16 - Average CTE of PCEA recycle graphite specimen 04-3-1 (AG) with 27.3% of 

recycle particles 
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A17 - Thermal expansion behaviour of PCEA recycle graphite specimen  

04-3-2 (WG) with 27.3% or recycle particles 

 

 

 

A18 - Average CTE of PCEA recycle graphite specimen 04-3-2 (WG)  

with 27.3% of recycle particles 
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A19 - Thermal expansion behaviour of PCEA recycle graphite specimen  

06-3-1 (WG) with 42.4% of recycle particles 

 

 

 

A20 - Average CTE of PCEA recycle graphite specimen 06-3-1 (WG) with 

42.4% of recycle particles 
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A21 - Thermal expansion behaviour of PCEA recycle graphite specimen 06-3-2 

(WG) with 42.4% of recycle particles 

 
A22 - Average CTE of PCEA recycle graphite specimen 06-3-2 (WG) with 42.4% 

of recycle particles 
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A23 - Thermal expansion behavior of PCEA recycle graphite specimen  

06-3-3 (WG) with 42.4% of recycle particles 

 

 
 

A24 - Average CTE of PCEA recycle graphite specimen 06-3-3 (WG)  

with 42.4% of recycle particles 
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A25 - Thermal expansion behaviour of PCEA recycle graphite specimen 06-3-4 

(WG) with 42.4% of recycle particles 

 
A26 - Average CTE of PCEA recycle graphite specimen 06-3-4 (WG) with 42.4% of 

recycle particles 
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A27 - Thermal expansion behaviour of PCEA recycle graphite specimen 06-3-5 

(WG) with 42.4% of recycle particles 

 
A28 - Average CTE of PCEA recycle graphite specimen 06-3-5 (WG) with 42.4% 

of recycle particles 
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A29 - Thermal expansion behaviour of PCEA recycle graphite specimen 07-3-1 

(WG) with 50% of recycle particles 

 
A30 - Average CTE of PCEA recycle graphite specimen 07-3-1 (WG) with 50% of 

recycle particles 
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A31 - A comparison of the average CTE of PCEA recycle graphite billet 04-3 

(27.3% recycle fraction) in the WG and AG directions 
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A32 - A comparison of the average CTE of PCEA recycle graphite billets 04-3 

(27.3% recycle fraction), billet 06-3 (42.4% recycle) and billet 07-3 (50% recycle 

fraction) in the WG direction 


