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Abstract. One of the advantages of metallic fuel is the abilility to cast the fuel slugs to near net shape 
with little additional processing. However, the high aspect ratio of the fuel is not ideal for casting. 
EBR-II fuel was cast using counter gravity injection casting (CGIC) but, concerns have been raised 
concerning the feasibility of this process for americium bearing alloys. The Fuel Cycle Research and 
Development program has begun developing gravity casting techniques suitable for fuel production. 
Compared to CGIC gravity casting does not require a large heel that then is recycled, does not require 
application of a vacuum during melting, and is conducive to re-usable molds. Development has 
included fabrication of two separate benchscale, approximately 300 grams, systems. To shorten 
development time computer simulations have been used to ensure mold and crucible designs are 
feasible and to identify which fluid properties most affect casting behavior and therefore require more 
characterization. 

Introduction 

The casting process is a key component of the metallic fuel cycle. Past metallic fuels were fabricated 
in a variety of ways including swaging, extrusion, and casting. The most successful process, and most 
recently used on a larger scale, was counter gravity injection casting,.which was used to fabricate all 
of the fuel for the EBR II. Although this process proved reliable and robust, there remained concerns 
with 1) volatile element retention due to the vacuum or reduced pressures employed, 2) waste issues 
caused by the one time use of quartz molds, and 3) low melt utilization caused by the necessary large 
heel which must be recycled. To address these problems, gravity casting has been proposed as an 
alternative casting approach. Gravity casting would allow higher melt utilization because no large heel 
is required. Element volatilization can be controlled through the use of over pressure and covered 
crucibles and waste can be reduced by the application of a permanent mold that can be re used for 
several casting runs. To demonstrate the feasibility of gravity casting, a bench scale casting system 
(BCS) was designed, fabricated, and installed into a radiological fume hood. The BCS, shown 
schematically in Figure 1, is designed to simultaneously cast three pins with a total mass of up to 300 
grams. The crucible and mold are independently inductively heated. The current mold is a graphite 
“cup and cone” design, which allows for re-use. A similar furnace, designated as the Glovebox 
Advanced Casting System (GACS), has been designed for glovebox use and has also been fabricated 
and is slated for use in minor actinide bearing alloy casting development. A schematic of this furnace 
is also shown in Figure 1, as well. 

Despite the long history of fuel casting very little data has survived as to the liquid metal and alloy 
properties. Much of the casting was done based on operator experience with respect to the appearance 
of the melt. As new casting processes are developed and new operators begin working in the field this 
experience base is becoming less and less available. In order to reduce development time, computer 
simulations can be used to determine if proposed designs are feasible or not. An effort was undertaken 
to construct computer models of the casting processes using the BCS or BCS type furnaces where 
fluid flow can be modelled. This can help determine which parameters are important and need further 
research. A parameter that was identified early on was gas compressibility. Since earlier models were 
not able to include this parameter, the modelling software was switch to Flow 3D. Several simulations 
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have been run to determine the importantance of gas compressibility and surface tension. Results from 
these simulations have then been used to guide fluid property characterization and to improve casting 
equipment design. 

 

 

FIG. 1. Schematic view of two bench scale casting system. Left)Bench-scale casting system, note 
stopper rod mechanism is not shown. Right) Glovebox Advanced Casting System. 

Casting Development Work 

The results discussed in this paper will focus on the BCS experience because at the time of writing the 
GACS has not yet been used for casting of actinide material. 

The nominal dimensions of the BCS cast pins were designed to be 4.3 mm diameter × 250 mm length 
(0.170 in. × 10 in.) which is similar to the EBR-II Mark III and Mark-IV fuel slugs (although shorter). 
It was also thought that this would be a conservative design because, in general, the larger the length 
to diameter ratio, the more difficult the casting becomes because the melt will solidify before reaching 
the full length. Because of this high aspect ratio, it was thought that a pressure differential would be 
needed to assist the melt in reaching the full length of the pin. The pressure differential is created 
between the vessel (crucible) pressure and the mold cavities. The differential is produced by resting 
the mold on a vacuum feedthrough allowing the interior of the mold to be at a reduced pressure. The 
mold cavities are connected to the mold interior through small holes or channels. Because the mold is 
not actively sealed against the vacuum fitting it was not a true vacuum, but rather a reduced pressure 
when compared to the crucible and vessel. The  pressure differential is between 0.5 and -1.0 
atmosphere (relative to the chamber), system limitations preclude making a more definite 
measurement. 

Initial casting attempts were performed using depleted uranium although results were similar for 
90wt% uranium 10wt% zirconium charges (U-10Zr). The charges were heated and held at the casting 
temperature for some period of time until the charge was fully melted. One second before the stopper 
rod was lifted, the pressure differential was applied to the mold and the stopper rod lifted. The 
resulting pins were typically segmented Figure 2 shows an example of the typical resulting segmented 
pins. To improve pin quality a variation on this approach was also attempted, using U-10Zr instead of 
pure uranium. Here, the pressure differential was applied 0.5 seconds after the stopper rod was lifted, 
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in order to give the melt time to fully fill the volume above the mold cavities before the differential 
drew the melt into the mold cavities. This run also resulted in segmented pins. Inspection of the cast 
pins did show mold features from the bottom of the mold so it was concluded that the fluid was readily 
flowing to the bottom of the mold. 

 

FIG. 2. Segmented depleted uranium pins cast using the BCS under a pressure differential. Note the 
scale shown is in inches. 

During an early fabrication campaign of the AFC-1 metallic fuel irradiation test series, a lab scale arc-
casting technique was used to cast the fuel slugs. It was discovered that a certain amount of back 
pressure was needed to cast solid samples. In these arc-casting processes the back pressure is obtaining 
by inserting loose plugs into the bottom ends of the quartz molds in order to obtain different levels of 
back pressure. When too much back pressure was present, i.e. the plugs are too tight, the material 
would not drop into the mold. If insufficient back pressure was present, i.e. plugs are too loose , the 
material would drop but not produce a solid rod, forming either small pellets (segmented slug) or, 
more often, a hollow straw. As the casting results were discussed and compared to previous arc-
casting experiences, it was decided to attempt casting without a pressure differential and allow the 
channels to provide some amount of back pressure. When this was attempted, the resulting rods were 
solid with only a few thinned cross sections. Of the 250 mm mold length, solid rods of approximately 
178 mm (7 in.) were produced. The resulting rods are shown in Figure 3. 

 

 

FIG. 3. U-10Zr pins cast at approximately 140 kPa (1050 Torr). Note scale shown is in inches. 
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From these experiments it was concluded that back pressure or gas compressibility was important and 
needed to be incorporated into the computer simulation. It is assumed that under a large pressure 
differential the material flow is very turbulent and breaks into smaller pieces which then solidify 
before they can be joined together again. When the differential was applied, the rod length decreased, 
which resulted in segmented rods. Modeling results conducted without the capability of gas 
compressibility support this conclusion.  

In a typical casting run, the mold is inductively heated to a pre-heat temperature either under pressure 
or dynamic vacuum. At this point, the mold inductive power supply is shut down and the crucible is 
heated and held at casting temperature. During this time the mold begins to cool, except for the upper 
most portion, which is heated by the crucible. Because of facility power limitations at the time of 
design and fabrication, only one power supply could be utilized at one time. For the purposes of this 
report, the mold pre-heat temperature will be the temperature at which the power supply was turned 
off, not the temperature at casting time since this temperature is monitored but not controlled. Two 
levels of mold pre heat were investigated: 800°C and 1000°C. In both cases the castings were 
performed with molds that had not been coated.The resulting pins from either pre-heating temperature 
were not full length, froze before reaching the bottom of the mold, and were similar in length. 

FIG. 4. Comparison of pins cast at either 1000° or 800°C mold preheat. 

Most uranium cast throughout the nuclear industry is cast into coated graphite molds. The coatings are 
usually yttria, although other materials such as erbia have been used. Casting in the BCS typically use 
a yttria coating. The main purpose of the coating is to limit melt/mold interactions, which may 
contaminate the uranium and hinder pin removal. The coating application can be a laborious process, 
is often operator dependent and even small defects can lead to flaws or contamination in the cast part. 
The coating can also lead to production of additional waste and may necessitate a secondary cleaning 
operation of the cast part. Although it is standard practice to use a coating, casting without a coating 
would be preferable. Neither the 800° nor the 1000°C castings reached full length which shows the 
importance of the yttria mold coating functioning as a thermal barrier. Without the coating, even at 
1000°C, the material solidified before reaching the bottom of the mold. In neither case was there any 
discernable reaction with the graphite mold. A general difference between most of the casting in the 
uranium industry and the casting research described in these studies is the scale of operation. In the 
BCS, the amount of graphite in the mold is much larger than the amount of uranium being poured into 
it. This situation is reversed in most industrial casting operations. Thus, although there was no reaction 
between the mold and melt in the BCS, this may not translate to an industrial scale because the amount 
of uranium would be increased more than the amount of graphite. On the other hand, this may indicate 
a chill casting type arrangement would be successful. Because of the relative thermal masses of the 
graphite and melt in the BCS and, despite the mold active heating, the mold essentially acts as a form 
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of chill casting, which causes solidification to occur too quickly for any interaction with the mold to 
occur. This phenomenon may be useful in other casting techniques such as a continuous casting 
process. These casting results indicate that the presence of a thermal barrier between the mold and the 
molten material is more important than the mold temperature. On close examination  of the pin castins 
in Figure 4 it can be seen that, despite the 200° difference in pre heat temperature of the mold, the final 
pin lengths are very similar. A mold pre-heat temperature of 800°C appears to be adequate, but 
additional experiments and/or simulations are necessary to confirm the lowest temperature at which 
fuel could be cast and flow the length of the mold. 

Another parameter considered was the casting temperature. In the BCS, the casting temperature or 
amount of superheat is measured by a thermocouple placed between the crucible and the refractory 
surrounding the crucible.  The term superheat refers to the number of degrees above the melting point 
of a material at the time of casting. Since the melt point of U-10Zr is approximately1380°C, there is a 
70° superheat when casting at 1450°C. Although the results have varied somewhat at 1450°C, it has 
been demonstrated that this temperature is adequate for the melt will drop into the molds and form 
continuous pins. However, there has consistently been a large amount of the melt that does not drop 
into the mold cavities, as can be seen in Figures 3-4. In order to reduce this residual material the 
casting temperature was increased an additional 100° to 1550°C  in order to allow the melt more time 
to drop into the mold cavities before solidification. The resulting pins were composed of many 
segments (none longer than 64 mm), with many of them to be considered only short pellets (5-10 mm 
in length). Clearly, increasing the superheat by 100°C caused the casting quality to drop dramatically. 
This underscores the need for experimentation and modelling to be well coupled so as to not only 
decrease the number of experiments but also to guide which material parameters need to be better 
characterized. 

Casting Modelling 

Flow3D is being used to investigate the importance of surface tension and gas compressibility. A 
model incorporating the charge, outer and inner mold coponents, crucible, and stopper rod was input 
into the software based on actual BCS component dimensions and charge sizes. Modeling in Flow3D 
involves activation or deactivation of different models to consider the desired physics. The baseline 
Flow3D model considers gravity, heat transfer, and solidification. Surface tension  and compressibility 
will be investigated separately.  

Table 1 presents the fluid properties used in this model. Properties of either pure uranium or U-6Nb 
were employed and assumed to be near those of U-10Zr when its properties were not available. Fluid 
density was based on the U-6Nb density work done in [1]. Specific heat, thermal conductivities of 
liquid and solid uranium, and the latent heat of fusion are taken from [2]. Liquidus and solidus 
temperatures were estimated for U-10Zr based on phase diagrams [3-6]. 

Table 1. U-10Zr properties used n Flow3D model. 

Density 
(kg/m3) 

Specific Heat 
(J/kg*K) 

Thermal 
Conductivity 
(W/m*K) 

Liquidus 

(°C) 

Solidus 

(°C) 

Latent Heat of 
Fusion (J/kg) 

17,400 201.3 26 1340 1240 38,720 

The initial mold temperature was taken as a gradient from 257°C K at the bottom to 851°C at the top. 
The crucible and molten charge are at an initial temperature of 1500°C. The initial temperature of the 
void inside the mold is 327°C. The first order heat transfer model considering the full energy equation 
is activated within Flow3D. Heat transfer occurs between the melt and the mold, the melt and the 
argon cover gas, and between the different mold components. A heat transfer coefficient of 100 
W/m2*K was defined for interface heat transfer between the outer and inner mold components and the 
inner mold and the chill plate. 



R.S. Fielding et al. 

6 

Modeling Compressible Argon 

Flow3D's adiabatic bubble model was used to simulate compressibility of the Argon gas filling the 
mold. The adiabatic bubble model simulates argon as an ideal gas and is advantageous because it 
idealizes the argon as a “free-surface” flow. The gas is treated as a region of uniform pressure and 
temperature taking away the need to determine the dynamics of the gas. This is an excellent 
approximation for situations such as this because the U-10Zr is approximately 10,600 times more 
dense than the argon, making the inertia of the argon negligible. The adiabatic bubble model requires 
the ratio of specific heats (Cp/Cv) and the void pressure as inputs. For argon, the ratio of specific heats 
is 1.667, taken from the open literature. The void pressure was taken as atmospheric pressure 
(1.013x105 Pa). Figure 5 illustrates an adiabatic bubble coming up through the melt during filling due 
to insufficient venting. 

 

FIG. 5. Argon simulation as an adiabatic bubble passing through the melt during mold filling due to 
insufficient venting of the mold. 

When using the adiabatic bubble model to model a second fluid, venting can be achieved by using 
valves. To define a valve, only the location of the valve and a loss coefficient based on the cross 
sectional area of the vent and the discharge coefficient are necessary. To define the loss coefficient, 
vent holes of diameter 0.762 mm were used. The Flow3D manual states that the discharge coefficient 
typically has a value of 0.5 for sharp entrances so this value was used. Vents were placed at four 
locations: bottom of the mold, midway up the mold, near the top of the mold, and at the bottom of the 
crucible. Figure 6 shows the results of the casting simulations using each pone of these valve 
locations. Table 2 shows the total time to fill for each condition. 
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FIG. 6. Simulation results for venting of the assembly at the bottom, midway, or top of the mold or 
bottom of the crucible. 

 

Table 2. Filling time for each vent location. 

Bottom Midway Top Crucible 
Bottom 

1.7 sec. 1.7 sec. 2.1 sec. 1.5 sec. 

Surface tension is a property of a liquid that allows it to resist an external force. It has the units of 
force per unit length.  Flow3D's surface tension model accepts a surface tension coefficient which was 
estimated for U-10Zr to be 1.55 N/m. Greater surface tension causes the fluid to splatter less and break 
up less when filling the mold, as can be seen in Figure 7. In Figure 7, the left side of each image 
represents the simulation without surface tension while the right side represents the simulation 
considering surface tension. For an evacuated mold, inclusion of surface tension effects do not affect 
the fill time. Figure 8 shows that while surface tension does not appear to have an appreciable effect 
on the simulation results when filling an evacuated mold, it does affect the simulation results when the 
adiabatic bubble model is used to simulate a mold initially occupied with compressible argon. Figure 8 
considers the four venting scenarios discussed above. In Figure 8, the left image for each scenario 
represents the final state of the simulation without surface tension while the right image represents the 
final state of the simulation including surface tension. Inclusion of surface tension in the model causes 
argon to become potentially trapped between different sections of the casting, a very undesirable 
situation. The best way to remedy this problem is to vent the mold at multiple locations. Perhaps at the 
bottom, midway up, and at the base of the crucible.  
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FIG. 7. Effects of surface tension on an evacuated mold. The left side graphic does not take into 
account surface tension while the right graphic does. 

 

 

FIG. 8. Shows the results of surface tension when the mold is initially filled with argon. The left image 
shows filling without surface tension and the right image shows the filling with surface tension. 

From these modelling results it can be seen that the initial argon gas filling the mold plays a significant 
role in how the molds will fill. If no vents are included in the mold design, argon will vent through the 
molten alloy if solidification does not occur first. It appears that no single vent location can be 
described as best, a combination of multiple vents are likely needed to ensure smooth filling. A surface 
tension value was assigned U-10Zr. Results show that when the mold is not evacuated the surface 
tension significantly affects the flow and quality of the cast pins. Additional work has shown that not 
only does surface tension play an important role in mold filling but viscosity and wetting angle 
interaction with surface tension are also important. 
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Conclusions 

In conclusion, casting temperature, mold temperature, mold coating application, and pressure 
differential have been examined for the effects on casting in the BCS. It was found that too high of a 
temperature led to smaller pin segments as seen in the 1450° and 1550°C castings.This may be due to 
a lower viscosity of the melt although the liquid properties of uranium and its alloys are genreally not 
known for better quantification. Also, it was discovered that the pin length increased when a pressure 
differential assist was not used. This was a surprising result based on initial expectations, but is 
supported by fuel alloy arc-casting experience. It appears that mold pre heat temperatures are not as 
critical as the other parameters as there was little difference between casting with 800° and 1000° 
mold preheat, but it was found that a mold coating is necessary. In the case of the BCS, the coating 
provides a necessary thermal barrier although, no chemical interaction was seen when no coating was 
used. This raises the possibility of using less exotic materials and coatings if a chill casting technique 
could be developed. This may be of use if a continuous casting method is developed because in this 
case the mold must remain at a lower temperature thereby limiting chemical interaction. In summary, 
it appears that a casting temperature of 1450°C, with a mold pre heat temperature of 800°C and no 
pressure differential assist are the best parameters for casting of pins in the BCS. This research has 
highlighted the need for better characterized liquid alloy properties. The thermal properties and 
viscosity of the liquid alloy are often estimated based on reference hand book and similar alloys or 
pure material. This hampers attempts to produce predictive models.  

Modelling results support much of this work. The results of the modeling support the need to further 
characterize alloy surface tension and wetting angle. Through modelling it was seen that these 
parameters are important and affect the amount of mold filling. Also shown through modelling is the 
importance of venting of the molds if they are not evacuated. Results show that vent location is very 
important. It appears that vents incorporated at the crucibe mold interface may produce the best filling 
results but a multiple vent design may be better. These results will be incorproated in the design and 
casting activities of the GACS furnace, likely saving time and material in development of casting 
minor actinide bearing materials.  
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