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Abstract A variety of process approaches are available and have been used 
historically to manufacture cylindrical fuel compacts. The jet milling, fluid-bed 
overcoating, and hot-press compacting approaches being adopted in the U.S. 
Advanced Gas Reactor (AGR) Fuel Development Program for scale-up of the 
compacting process involves significant paradigm shifts from historical approaches. 
New methods are being pursued because of distinct advantages in simplicity, yield, 
and elimination of process mixed waste. Recent advances in jet milling technology 
allow simplified dry matrix powder preparation. The matrix preparation method is 
well matched with patented fluid bed powder overcoating technology, recently 
developed for the pharmaceutical industry and directly usable for high-density fuel-
particle-matrix overcoating. High-density overcoating places fuel particles as close 
as possible to their final position in the compact and is matched with hot-press 
compacting, which fully fluidizes matrix resin to achieve die fill at low compacting 
pressures and without matrix end caps. Overall the revised methodology provides a 
simpler process that should provide very high yields, improve homogeneity, further 
reduce defect fractions, eliminate intermediate grading and QC steps, and allow 
further increases in fuel packing fractions. 

 
 

I. INTRODUCTION 

In developing fuels for the Next Generation 
Nuclear Plant (NGNP), it is desirable to eliminate the 
generation of mixed waste streams whenever and 
wherever possible. One area for process improvement 
is in the overcoat processing and compaction of 
tristructural isotropic (TRISO) fuel particles into fuel 
compacts. The traditional approach to applying the 
graphite overcoat has been to mix synthetic graphite, 
natural graphite, and phenolic resin, and coat the 
TRISO particles using this mixture and an alcohol 
(e.g., methanol, isopropanol). Because of the use of 
alcohols and radioactive components, any waste 
generated during handling or clean up is automatically 
classified as a mixed waste. 

Researchers at Idaho National Laboratory (INL) 
are working in conjunction with a team from Babcock 
and Wilcox (B&W) and Oak Ridge National 
Laboratory (ORNL) to develop a process to overcoat 
TRISO particles using this same matrix material, 
applied with water using equipment that has 
previously and successfully been employed in the 
pharmaceutical industry. One of the primary goals of 
this work is to simplify the process, making it more 
robust and repeatable while relying less on operator 
technique than prior overcoating efforts. Another goal 
is to improve first-pass yields to greater than 95% 
through the use of established technology and 
equipment. 
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II. MATRIX PREPARATION 

The carbon/resin-matrix fabrication process 
combines natural flake graphite, synthetic graphite, 
and phenolic resin in such a way that a fully 
homogenous, inseparable mixture is attained. 
Historically, matrix preparation was done by solvating 
the resin in the mixture with ethanol, followed by 
mixing, drying, and grinding. For AGR scale-up, a 
volatile organic compound (VOC)-free process would 
be adapted to minimize waste and impact to the 
environment. Moreover, eliminating the use of VOCs 
eliminates the need for equipment and removes the 
associated facility from Class 1 Division 1 electrical 
requirements requiring explosion proof motors that 
are required for use with VOC’s [1]. 

The process to prepare the carbon/resin matrix 
mixture is depicted graphically in Figure 1, below. 
Natural graphite, synthetic graphite, and novolac 
phenolic resin are weighed out in nominal ratio of 64, 
16, and 20% (by weight), respectively. Gross mixing 
is performed in a blender prior to final 
homogenization. The mixture, which is still somewhat 
separable by mechanical means, is loaded into a 
volumetric feeder. Jet milling is used to provide final 
homogenization and size reduction to a nominal <8 
micron (μm) average particle size with a tight 
distribution through particle-to-particle high-energy 
impacts. For development efforts, a 30.5-centimeter 
[12-inch] (Model 08-626c-SS) orbital jet mill from Jet 
Pulverizer Company was selected. This equipment 
uses multiple jets and feed-input locations to 
maximize particle impacts and milling rates. 

To test the feasibility of this equipment, several 
trials were performed at the Jet Pulverizer Company 
mixing natural graphite, synthetic graphite, and 
phenolic resin in the 64/16/20 ratio identified above. 
Finished powders as fine as 2.5 μm were produced 
using this technique. 

III. OVERCOATING PROCESS 

Overcoating performs several functions in the 
processing of TRISO fuel fabrication: (1) provides all 
the matrix required to form the compact, (2) protects 
the fuel particles from damage during handling and 
compacting, (3) evenly separates the fuel particles to 
allow formation of a homogeneous array, and (4) 
creates a stable phase with good thermal properties 
(thermal conductivity) for high-temperature use in 
nuclear applications. While performing these 
functions, the overcoating must not bond excessively 
to the outer pyrocarbon (OPyC) layer of the fuel 
particles as excess adhesion may lead to failure of the 
OPyC and, thus, to particle failure [2]. 

The goal in overcoating is to evenly coat TRISO 
particles with a consistent thickness of the 

graphite/resin composite matrix [3]. This helps reduce 
the likelihood for damage to the fuel particles from 
particle-to-particle contact or from damage during 
compaction [4]–[5]. The thickness of matrix overcoat 
applied to the fuel particles is determined by the 
desired volume packing fraction of the finished 
compacts. Application of approximately 200 m of 
matrix to the surface of AGR TRISO particles [3] is 
sufficient to yield a compact with 35% packing 
fraction. Historically, overcoating  has been 
accomplished using drum rolling processes with 
matrix resin activated with methanol, but testing at 
ORNL using a centrifugal system has proved to be 
successful for overcoating and compaction for the 
AGR-1 and AGR-2 fuel tests [6]. Both drum and 
centrifugal overcoating systems mix a batch of 
particles and matrix together and work to achieve 
nominal sphericity by rolling. The scale-up fluid-bed 
overcoating approach builds layers of matrix powder 
on the fuel particles, keeping the fuel in the center of a 
highly spherical overcoating. 

Compact packing fractions as high as 35–40% are 
obtainable with drum-overcoated particles using warm 
compaction methods [5]–[7]; higher packing fractions 
increase the likelihood for excessive pressures and 
particle-to-particle contact and damage when 
historical compacting methods are used, but reactor 
designers have indicated a need for compacts with 
packing fractions up to 45%. 

The overcoat reacts during resin curing and 
subsequent thermal treatment (carbonization) to 
produce a rigid material with good thermal 
conductivity and strength, which protects the fuel 
particles [7]. The matrix must not soften or change 
shape while volatile organics are being driven off 
during carbonization [8]. Final vacuum heat treatment 
then removes most other impurities and improves the 
thermal conductivity of the final compact. The final 
heat treated overcoated matrix material must be able 
to withstand the high temperatures and radiation 
exposure in a nuclear reactor without undergoing 
excessive anisotropic dimensional changes or material 
degradation [9]. 

The fluid bed overcoating process (Figure 2) uses 
the upward movement of air and a rotating chamber to 
initiate radial and vertical movement and particle spin 
to the material to be coated. This creates an efficient 
fluid bed for the overcoating process. While the 
material is fluidized, the particles are wetted with an 
atomized liquid sprayed into the bed, and the 
carbon/resin-matrix powder mixture is vacuum 
inducted into the chamber. Wetted particles in the 
fluidized bed pick up the carbon/resin matrix mixture 
on the surface as they spin through the powder. As 
they lose velocity, they fall back onto the rotating bed, 
drying and compressing the carbon/resin matrix on 
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Figure 1. Schematic showing steps for the graphite/resin matrix.

their surface. As this process repeats, a uniform layer 
of carbon/resin matrix is built up on the surface of the 
particle. Once the proper amount of coating has been 
applied (as measured by the mass of carbon/resin 
matrix fed into the overcoater), the feed is suspended, 
and the coated particles are dried in warm (~80°C) air 
while being continuously fluidized in the bed. 

 

Figure 2. Cross section showing the Vector 
overcoating system technology. 

A graphical flow diagram of the pilot plant 
overcoating process is shown in Figure 3. 
TRISO-coated fuel particles are weighed in an inert, 
ventilated enclosure. The fuel charge is loaded into 
the overcoater (Figure 4) through the view port from a 
special double-valved bottle into the mixing chamber 

(Figure 5) to ensure that the particles cannot be 
spilled.  With this approach, the unit does not need to 
be opened except for cleaning.  The carbon/resin 
matrix is loaded into a mass flow auger feeder (Figure 
6). Water or an appropriate liquid medium (i.e., 
methanol) is measured and placed in a container for 
metered feed into the overcoater system. 

The selected scale-up overcoating system is 
programmable, with integrated controls and 
monitoring to assist the operator. Data on the 
overcoating process (feed rates, rotational rates) are 
measured and recorded. During the process, exhaust 
passes through filters integrated within the top of the 
overcoating unit. Exhaust further passes through a 
UL-586 rated high-efficiency particulate air (HEPA) 
filtration system and through the exhaust fan. The 
overcoater selected for this operation is similar to the 
Vector VLC-Lab 3 unit shown in Figure 4 except for 
the improvements made in the loading and unloading 
system for handling nuclear material. The unit, upon 
installation, will be surrounded by a ventilated hood 
for loading and unloading purposes. Air sweep around 
the base is expected to be ~2000 cm3/second. 

IV. COMPACTION 

Hot-press compaction is the selected process for 
arranging the overcoated fuel particles into a stable 
compact that meets the AGR fuel specifications. As 
described, the compacting process meets the following 
design requirements: 

 Place the desired and repeatable mass of fuel 
particles into a homogeneous array within the  
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Figure 3. Schematic of B&W overcoating process. 

 

Figure 4. Photograph of the Vector VLC-Lab 3 
overcoater. 

 
 

 
Figure 5. Vector VLC-Lab 3 overcoater base 
separated from the head to load surrogate proppant. 

 

Figure 6. Graphite/resin matrix feed system for the 
Vector VLC-Lab 3 overcoater. 
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correctly sized compact shape. This will be 
accomplished through volume loading of 
overcoated material.  

 Use minimum force to obtain complete die fill 
and prevent particle breakage while providing a 
robust compact (high green strength for 
automated material handling). 

 Partially cure resin in the die to ensure particle 
protection even during tooling ejection. 

 Provide for high matrix density with minimum 
internal porosity. 

 Provide compacts absent of chips, cracks, or 
irregularities. 

 Provide a process suitable for mass production 
of fuel compacts in an automated fashion in a 
suitable compaction press. 

 Meet applicable fuel specification requirements 
for dimensions, integrity, and density after heat 
treatment. 

The hot-press compaction process will be 
matched with the flow, thermal characteristics, and set 
time for the selected resins. This is enhanced through 
the use of isotherm measurement of resin viscosity as 
a function of time. Compacting process finalization 
research is currently underway at ORNL and B&W. 

V. RESULTS 

Overcoating consisted of feasibility tests 
performed at Vector Corporation lab facilities in 
Marion, Iowa, using Hexion AD5614 and Plenco 
14043 novolac resin matrix mixtures. The matrix 
mixtures were obtained by jet milling the natural and 
synthetic graphites and the resin to a 7.4 μm mean 
particle size (with 2.9 μm standard deviation) at 27 
kg/hour. Jet milling did not show any visible 
separation or incomplete milling. Particle size was 
measured using a Horiba LA950 laser-light-scattering 
particle-size system at Jet Pulverizer. An alumino 
silicate proppant served as the surrogate TRISO 
particles for overcoat testing. The proppant was 
selected because it had a density (~3.3 gm/cm3) and 
size (875–1150 μm diameter) that made it a suitable 
substitute for surrogate testing at Vector Corporation, 
even though the sphericity of the proppant was less 
than desirable. Overcoat feed materials and 
overcoated particle dimensions were measured using a 
QICPIC particle-size analyzer at Vector Lab facilities. 

Photographs of the overcoated proppant and a 
cross section of the overcoated particles are shown in 
Figures 7 and 8. The particle-size analysis and the 
photographs confirm the ability of the Vector overcoat 
process to apply a relatively uniform and spherical 
coating on particles that are non-uniform in both size 
and shape. Overcoating with water proved quite 
successful and yielded an overcoated particle with 

average particle size of approximately 1700 μm in 
diameter (refer to Figure 9). The secondary curing 
agent used in the novolac resin 
(hexamethylenetetramine [HEXA]) acted as a binder 
and provided sufficient green strength to the 
overcoated particles to allow them to be transported 
across the United States without damage to the 
overcoating. A listing of resins and their flow and cure 
properties is given in Table 1. Testing successfully 
demonstrated that the laboratory-scale overcoater at 
Vector Corporation could successfully overcoat 
approximately 2.5 kg of proppant in 45 minutes with 
an additional 15 minutes of drying time. This 
demonstrates the potential for this equipment and 
technology for production-scale processing for AGR 
TRISO fuel particles. 

 

 

Figure 7. Photomicrograph of surrogate proppant 
overcoated with graphite/resin matrix. 

 
 

 

Figure 8. Photomicrograph of overcoated surrogate 
proppant in cross section. 
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Figure 9. Particle size analysis results on Vector 
overcoated proppant using QICPIC Particle Size 
Analyzer. 

 

Figure 10. Mettler drop point of Novolac resins and 
expected warm compaction schedule. 

 
A simple laboratory-scale compacting operation 

was set up at B&W’s Lynchburg Technology Center. 
The operation comprised a hand-operated hydraulic 
pump, a single-acting piston that was mounted into a 

load frame, a compacting die, and heaters, and 
controllers to regulate the die temperature. Compact 
charges, previously weighed out, were hand loaded 
into the die set, the hydraulic pump was manually 
actuated, and the load applied to the compact was 
monitored via a pressure gauge hooked into the 
hydraulic line. During compaction, the matrix melts 
and begins to flow under the compaction temperature 
in the die cavity, as shown in Figure 10, to achieve 
initial die fill. Force is then held to increase the green 
density, and the matrix cures partially or fully in the 
die, depending on the temperature and time in the die.
This provides for sufficient green strength to handle 
the compacts after hot pressing. Three compacts each 
were pressed under conditions listed in Table 2. Both 
matrix compositions were tested in this manner. After 
compacting for the desired time and load, the pressure 
was released, and the compact was ejected. The die 
temperature was regulated with a temperature 
controller and band heaters wrapped around the die 
set. Temperature stability during compacting was 
typically within ±2 C of the desired set point. After 
cooling, the ejected compacts were dimensionally 
inspected for height and diameter and then weighed. 

After forming, the compacts were carbonized in a 
vacuum furnace. Compacts were placed in a 
molybdenum boat, the furnace evacuated to 
approximately 1.33 mPa and then purged with 
high-purity nitrogen gas at a flow rate of ~ 67 cm3 per
second, which continued during the carbonization run.
The chamber pressure under these conditions was 
approximately 13.30 kPa. The furnace was then 
ramped to the carbonization temperature of 800 C and 
held for one hour, followed by a furnace cool. 
Initially, due to controller limitations, the furnace 
temperature ramp rate was set at 4 C/minute vs. the 
desired ramp rate of 2 C/minute. The compacts 
carbonized with this process exhibited no deleterious 
effects from this higher ramp rate, indicating that 
acceptable results can be obtained using a higher ramp 
rate and shorter carbonization cycle under vacuum. 
The density results (refer to Figure 11) indicate that 
higher compaction pressures (greater than 7.3 MPa) 
are necessary to achieve the target objective of 1.70 
gm/cm3 matrix density in the pressed and carbonized 
compacts. Additional testing is being planned with 
fresh Plenco 14043 resin and a different Hexion high-
purity resin (D_SD-1708), that better matches the
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Figure 11. Graph of compact green density as a function of warm compaction temperature and force.

flow of the Plenco resin. These tests will further 
explore compacting at higher temperatures and 
pressures and will demonstrate the results of 
potentially improved methods of matrix 
homogenization prior to overcoating. 

Photographs of carbonized compacts using the 
Hexion AD-5614 and Plenco 14043 resins are shown 
in Figures 12 and 13. Both resins produced consistent 
compacts, indicating that the Plenco and Hexion 
resins are usable for this application under the 
parameters tested in this study. Compacts made with 
Plenco resin had an overall higher density when 
compared with compacts created using the Hexion 
resin. This is thought to be the result of higher flow in 
the Plenco resin. The drop in compact density 
apparent in the compacts made at 140°C with Plenco-
resin matrix indicates an adverse affect on compacting 
due to the age of the resin. The surface texture of the 
carbonized compacts is not as smooth as that observed 
in AGR-2 compacts. This may be due to low pressures 
or excessive curing of the resin during compaction. 

Photomicrographs of the as-compacted matrix 
and proppant are shown in Figures 14–16. Figure 14 
shows evidence of unmilled graphite contamination 
from the testing with Hexion resin. This larger 
graphite was not present in trials with the Plenco resin 
and was not detected during particle size analysis, 
leading researchers to conclude that the contamination 
was inadvertently introduced after jet milling of the 
materials. Evidence of matrix flow during compaction 
can be seen in Figures 15 and 16. The Plenco resin 
was noted to have improved morphology and less 

segregation between the graphite and the resin 
compared to the Hexion AD-5614 resin. This can be 
seen in Figure 16 where there are regions more rich in 
resin (darker regions) and regions more rich in 
graphite (lighter regions) that were not observed with 
the Plenco resin. 

Using this process approach, compacts were 
successfully formed at pressures as low as 3.7 MPa, 
although matrix density was somewhat low. Matrix 
density of 1.7 gm/cm3 appears to be feasible at 
pressures of ~10.3 MPa. Some compact 
microcracking during carbonization (that appears to 
correlate with curing time in the compact tooling) has 
been observed in scoping tests. Further efforts are in 
progress to eliminate the causes of such 
microcracking. A slight irregularity in the surface 
texture of compacts formed by this method was noted 
(see compact photographs). This surface texture is the 
result of boundary regions with a higher resin content 
resulting from resin flow during compacting and is an 
area for future development to eliminate this 
characteristic. Although the texture appears to be 
mostly cosmetic, it may increase the potential for 
microcracking due to the brittleness of the resin. 
Further evaluation is needed. 
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Figure 12. Photograph of post-carbonization compact 
made at B&W from Hexion AD-5614 resin that was 
compacted at 120°C and 7.33 MPa. 

 

Figure 13. Photograph of post-carbonization compact 
made at B&W from Plenco 14043 resin that was 
compacted at 120°C and 7.33 MPa. 

 
 

Resin Type 

Mettler 
Drop 
Point 
(°C) 

Flow 
(mm) 

Set 
Time 

@ 
150°C 
(sec) Comments 

Plenco 
14043 

Std. 
Novolac 

100 45 70 Min. viscosity 
@ 130°C. 
Initial resin for 
overcoating 
tests and 
compacted to 
1.73 gm/cm3 at 
6.9 MPa 

Hexion 
AD5614 

Std. 
Novolac 

115 35 70 Min. viscosity 
@ 130°C. 
Used for 
second 
overcoating 
tests and 
compacted to 
1.56 gm/cm3 at 
6.9 MPa 

Hexion 
D_SD-
1708 

High- 
purity 
Novolac 

110 45 70* Direct 
replacement 
for Hexion 
AD5614 

Hexion 
D_SD-
1731 

High- 
purity 
Novolac 

110 110 70* Long flow 
version of 
SD-1708 

* when used with 8-10% HEXA cross linking agent 
Table 1. Hot-press resins being considered and some 
key properties for each. 

 
 

Input Parameters 

Sample 
Die 
(°C) 

Rate 
(MPa/
sec) 

Maximum 
Pressure 
(MPa) 

Time 
at 

Load 
(sec) 

Time 
to 

Eject 
(sec) 

1 120 0.7 3.66 240 255 
2 120 0.7 3.66 240 255 
3 120 1.8 3.66 240 252 
4 120 1.5 7.33 240 250 
5 120 1.5 7.33 240 255 
6 120 3.7 7.33 240 252 
7 130 0.7 3.66 120 130 
8 130 0.7 3.66 120 135 
9 130 1.8 3.66 120 132 

10 130 1.5 7.33 120 130 
11 130 1.5 7.33 120 135 
12 130 3.7 7.33 120 132 
13 135 1.8 3.66 90 95 
14 135 1.8 7.33 90 97 
15 135 3.7 7.33 90 100 
16 140 1.8 3.66 60 65 
17 140 1.8 7.33 60 67 
18 140 3.7 7.33 60 65 

Table 2. Original compacting test matrix. 
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Figure 14. Photomicrograph showing graphite in a 
parallel structure on particles, along with some 
unmilled graphite contamination in the matrix. 

 

Figure 15. Photomicrograph from the Plenco 14043 
resin showing evidence of good flow during 
compaction. 

 

Figure 16. Photomicrograph from the Hexion 
AD-5614 resin showing some evidence of segregation 
between the graphite and the resin. 

 

 

VI. CONCLUSIONS 

The fluid-bed overcoating and hot-press 
compacting process approach selected for AGR 
compact scale-up is expected to provide significant 
improvements as a production method for compact 
fabrication through process simplicity and the 
application of new, improved technologies. Low unit 
process reject rates and reduced or eliminated in-
process particle upgrading and QC requirements are 
expected to boost first-pass yields above 95%. 

It is anticipated that the costs associated with fuel 
manufacturing will be decreased with respect to the 
current standard.  This new method is expected to 
provide faster turnaround, fewer processing steps, and 
less need for particle upgrading.  We are still 
finalizing process parameters and expect to have more 
definitive cost data to compare against other existing 
processes in the next year. 

Although the high-resin flow during hot-press 
compacting allows compact formation at low 
pressures, adjustment of matrix preparation techniques 
may be needed to further homogenize the resin and 
graphite to minimize surface texture and propensity 
for microcracking. 

The scale-up team has successfully demonstrated 
the feasibility of overcoating TRISO particles using 
graphite (synthetic and natural) and phenolic resin 
with the matrix being applied using the Vector 
overcoating methodology. Batch sizes of up to 2.5 kg 
of material can be overcoated in less than one hour 
using this technique. 

Trials on surrogate proppant resulted in an 
overcoated particle with sufficient green strength to 
allow for handling and transport of the overcoated 
material across the United States without damaging 
the overcoat. This material compacts reasonably well 
at relatively low compaction pressures (~3.7-7.3 MPa 
on a 1.24 cm diameter compact).  Compacts made 
using these materials have strengths comparable to 
AGR-2 compacts and are anticipated to allow for 
insertion into and removal from the reactor with no 
chipping or compact damage associated to handling. 

To date, the Plenco resin has provided a more 
homogenous morphology with better dispersion in the 
graphite matrix. This was evidenced by a more 
uniform microstructure in compacted samples 
compared to the samples made using Hexion 
AD-5614. In these samples, regions of dispersion 
were observed. Both resins yielded compacts with 
sufficient green strength for subsequent handling. The 
green density on these compacts, however, did not 
achieve the target level of 1.70 gm/cm3, which 
indicates that higher compaction forces are likely 
required. 
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Additional trials are planned using fresh resin 
(Plenco 14043 and Hexion D_SD-1708) using a more 
spherical alumina surrogate. These trials are estimated 
to commence after the submission of this document to 
HTR 2010, and results may be presented during 
conference proceedings. 
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