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Abstract

The friction bonding process combines desirable attributes of both friction stir welding and 
friction stir processing.  The development of the process is spurred on by the need to fabricate 
thin, high density, reduced enrichment fuel plates for nuclear research reactors.  The work seeks 
to convert research and test reactors currently operating on highly enriched uranium fuel to 
operate on low enriched uranium fuel without significant loss in reactor performance, safety 
characteristics, or significant increase in cost.  In doing so, the threat of global nuclear material 
proliferation will be reduced.  Feasibility studies performed on the process show that this is a 
viable option for mass production of plate-type nuclear fuel.  Adapting the friction stir weld 
process for nuclear fuel fabrication has resulted in the development of several unique ideas and 
observations.  Preliminary results of this adaptation and process model development are 
discussed.

Introduction 

Friction Stir Welding

Friction stir welding (FSW) has been in existence since the early 1990s and has routinely been 
developed for joining applications in the aerospace and automotive industries. These 
developments have been encouraged because FSW is a non-melting joining technology that 
typically produces higher strength and ductility, increased fatigue life and toughness, lower 
distortion, less residual stress, less sensitivity to corrosion, and essentially discontinuity-free 
joints when compared to more conventional arc welding techniques [1]. A sufficient review of 
the FSW process can be found in References. 2 and 3. 

Research and Test Reactors

The friction bonding (FB) process, a modified FSW process, allows the fabrication of nuclear 
fuel plates for research and test reactors containing thin, monolithic fuel alloys. The FB 
fabrication concept is of great importance for the U.S. National Nuclear Security Administration-
sponsored Global Threat Reduction Initiative. This initiative seeks to enable research and test 
reactors throughout the world that currently operate with highly enriched uranium (HEU, 20%
235U) fuel to operate with low-enriched uranium (LEU, <20% 235U) fuel, which is desirable for 
nuclear nonproliferation reasons [4]. The new fuels must behave in a manner without significant 
penalties in reactor or experiment performance, economics, and safety. 



HEU-fueled research and test reactors have given rise to advanced and novel fuel concepts 
because the reduction of enrichment in the fuel requires an increase in the overall uranium 
density. This has currently been accomplished through use of a uranium-molybdenum alloy in a 
monolithic form [5]. Monolithic fuel contains a single foil to replace multiple fuel particles 
comprising a dispersion fuel plate, provides the highest possible uranium loading, and provides a 
smaller contact surface area with the aluminum cladding to minimize reaction. Ultrasonic test 
scans of a typical monolithic fuel are provided in Figure 1. 

Figure 1.  Ultrasonic test scans of a typical monolithic fuel plate proposed for core conversion of high power 
research reactors. 

Current Process Design

The current application involves sandwiching a monolithic uranium-molybdenum fuel foil 
between two thin pieces of 6061-T6 aluminum alloy used as the cladding to fabricate fuel plate 
assemblies. The cladding is subjected to the friction bonding process, over its entire surface, both 
top and bottom. The process bonds the top and bottom pieces of thin material to one another 
without the movement of material across the joint interface, resulting in sufficient bonding 
between both the aluminum cladding and monolithic fuel alloy. 

The tool pin is designed so that penetration across the joint interface is prohibited, minimizing 
any potential interference with the nuclear fuel foils. Sufficient bonding between the AA6061 
cladding plates and between the uranium-molybdenum monolith and AA6061 cladding is 
required, accomplished primarily by mechanical bonding at the interface that is driven by 
process load and temperature. There is minimal material movement between the pin face and the 
foil surface, meaning that the stir action used in the conventional sense is not present or desired.  
Figure 2 provides an example schematic of the weld tool design being employed. Some of the 
main features of the tool are the short pin that extends down from the shoulder, a recessed region 
between the shoulder and pin that increases the stability of the process, beveled edges along the 
outer radius of the shoulder to aide in warp reduction, and an annular plenum that allows heat 
removal from the weld face via an appropriate coolant, e.g., propylene glycol.  The FB process 
produces a surface finish that closely meets most reactor specifications and, therefore, requires 
minimal post-processing surface treatment. Most fuel plates are rectangular and are no thicker 
than 1.4-mm (0.055-in). A photograph of a typical monolithic fuel plate prior to insertion into the 
fuel assembly is provided in Figure 3. 

Friction Bond Process Modeling 

Concept

A three dimensional model was created using the COMSOL software as a means of modeling the 
thermal aspects of the unique friction bond process developed at the Idaho National Laboratory.
The FB model is designed to allow changes in the operational parameters, including tool traverse 
speed, tool rotation rate, and tool applied load. It does not model the initial tool plunge or the



Figure 2.  Schematic of a typical tool employed for the Friction Bonding process at INL. 

Figure 3.  Photographs of a typical, finished monolithic fuel plate assembly.  The reactor core will consist of 
tens to hundreds of such fuel plates. 

tool removal and many other real operational aspects have been simplified for ease of modeling 
and computation. 

The model is designed as a moving continuum, in which the aluminum plate moves under the 
tool rather than the tool moving along the plate. This allows the plate material under the tool to 
be modeled as a viscous fluid that can have rotational and translational properties applied as 
needed. This region or zone is labeled as viscous zone and is assumed to be cylindrical right 
beneath the tool. 

Currently, the model only applies to the first pass across the plates; however, it can be adjusted 
to consider additional passes. The model does not assume symmetry across the weld line because 
additional passes overlap with previous passes and include material with different 
microstructures on either side of the weld line. In addition, the differences between the 
advancing and retreating tool sides suggest that the heat generation is not symmetrical across the 
tool, even on the first pass. 

Model Geometry

The model includes the following geometrical components. The tool is a composite object of two 
cylinders, the pin and the shoulder. The tool is not precisely the same design as the actual tool 
because it lacks rounded edges. The height of the shoulder is arbitrary because the shank to 
which the shoulder is attached is not included in the model. Instead, a heat sink equation is 
applied to the top of the shoulder to reflect the heat loss due to coolant running through the tool. 
The value of this heat loss is modeled based on the experimental results [6]. There is only one 
subdomain for this component.  The complete plates are simulated (to the dimensions of 76.2 cm 
× 10.2 cm × 0.965 mm) to emulate the actual process. This plate width includes the portion of 
the plate under the clamps during a pass. Geometrically, the top plate is not a perfect rectangular 
prism, as a small volume has been replaced by the pin. The plates are further subdivided into two 
subdomains each, making it four subdamains total, in which the subdomain directly under the 



tool is the viscous zone for each plate. The insert is a large piece of steel that supports the plates 
from beneath. In the model it primarily serves as a heat sink for the bottom of the plate. In order 
to improve computational efficiency, the rigid anvil is modeled with convective flux. There is 
only one subdomain for this part of the process. 

COMSOL application modules used

The quasi-static friction bonding model makes use of four application modes, applied as needed 
to the subdomains.  The General Heat Transfer module is applied to all subdomains. This mode 
allows for the heat transfer calculations which are the basis of the thermal model.  The Weakly 
Compressible Navier-Stokes module applied to the viscous region in both the top and the bottom 
plate. This mode allows the plate to behave as a continuum by modeling it as a highly viscous 
fluid. The plate can then “flow” past the tool at a given weld-speed, achieving applied rotational 
velocities as it passes under the tool. The plate “flows” in the positive x-direction and rotates 
clockwise below the tool (as viewed from above).  The Solid, Stress-Strain module is applied to 
all subdomains. This mode allows a force to be applied to the top of the tool and transferred 
down through the plate. The resulting stresses vary due to tool geometry and are used to 
calculate the heat distribution due to friction. The viscoplastic material model for AA6061 is 
applied to the simulation through this module.  The Moving Mesh mode is applied to all 
subdomains. This mode allows efficient coupling of the Solid, Stress-Strain mode and the 
Weakly Compressible Navier-Stokes mode. Also, the visualization of the tool and plate 
movement can be obtained using transient analysis in this mode. 

Process Model Output

The model can be solved as either time-dependent or steady-state. A near-steady-state condition 
is reached rapidly in the time-dependent model and should accurately reflect the conditions 
somewhere in the middle of the weld. Considering that the initial plunge area and some of the 
nearby weld are sheared from the plate before it is used, much of the initial non-steady-state 
weld is inconsequential. Thus the quasi static part of the bonding process is modeled in the 
simulations. 

Temperature is the most significant output variable. Cross-sections through the plate are useful in 
visualizing the effects of the pin and shoulder (Figure 4 and Figure 5) but line-sections most 
closely resemble the type of data recorded experimentally. Line sections along the length of the 
weld simulate thermocouples attached at the joint of the assembly during an experimental run. 
The x-axis of the model can be equated to time (using the weld-speed) such that the temperature 
of material a certain distance away from the tool, say “X”, correlates to the temperature of 
material that passed under the tool X divided by weld-speed seconds ago. This is because the 
modeled plate moves as a continuum with the weld-speed as its constant velocity. These line 
plots can be compared to experimental data recorded by thermocouples between the aluminum 
plates (Figure 6 to Figure 8).  It is also possible to analyze the temperature of individual points 
using at any point and, in a time-dependent analysis, at any desired time. 



Figure 4.  Results of the COMSOL calculation of the cross-sectional temperature distribution during FB 
process.  Process parameters: feed rate 35 in•min-1, load 6 kips, tool rotation 400 rpm. 

Figure 5.  Results of the COMSOL calculation of the temperature distribution during FB process at the 
interface between the aluminum plates.  Process parameters: feed rate 35 in•min-1, load 6 kips, tool rotation 
400 rpm. 

Figure 6.  Comparison of the model prediction and the thermocouple reading at the tool shoulder. Process 
parameters: feed rate 35 in•min-1, load 6 kips, tool rotation 400 rpm. 



Figure 7.  Comparison of the model prediction and the thermocouple reading at the tool pin edge. Process 
parameters: feed rate 35 in•min-1, load 6 kips, tool rotation 400 rpm. 

Figure 8.  Comparison of the model prediction and the thermocouple reading at the center of the weld pass. 
Process parameters: feed rate 35 in•min-1, load 6 kips, tool rotation 400 rpm. 

Future Process Modeling Efforts

As of the writing of this paper, there were still several unanswered questions concerning the 
model behavior. Below are several untested ideas which may improve the model fidelity: 

Improve the heat generation equation. The current friction-based equation functions 
well but is based on an arbitrary friction coefficient. An equation based on viscous 
dissipation may be more accurate. 
The change in the contact area for various conditions can be modeled based on the 
experimental data obtained. Similarly the viscous zone size and shape can be varied 
as per experimental results.  
Incorporate the friction coefficient variation with temperature based on an external 
study.
The material modeling used in COMSOL needs to be appropriately done in order to 
model the heat transfer through the AA6061 plates correctly. 
Simulate successive passes by including a microstructural adjustment in the model. 
Each new pass after the first overlaps a welded area so the microstructure will be 
asymmetrical across the weld line 



Process-parameter relationships 

Surface Finish

Surface finish of the as-fabricated fuel plates is extremely important in terms of economics, since 
excessive flash or ridges as a result of fabrication must be eliminated prior to insertion in the 
reactor.  Process heat is the most important factor in controlling the surface finish of the plate.
Studies were conducted to examine the effects of tool rotational rate, tool traverse rate, and tool 
applied load on the as-fabricated surface finish of surrogate fuel plates.  Photographs 
demonstrating these results are provided in Figure 9.  A low tool applied load results in a very 
rough surface finish that would be unacceptable for commercial fabrication of fuel plates.  
Higher applied loads (6 kips or greater) for a given tool rotational and traverse rate will alleviate 
this problem significantly.  At applied loads of 10 kips a flash is developed that results in ridges 
between bond passes that must be removed by sanding.  Similarly, low tool rotational rates for a 
given tool traverse rate and applied load will produce a relatively rough surface finish.  This can 
be greatly alleviated by increasing the tool rotational rate, although above 400 rpm excessive 
flash is generated and ridges begin to develop between each bond pass.  The surface finish is 
much less sensitive to tool traverse rate than for tool rotational rate or applied load.  In each of 
the seven conditions investigated, the combination 35 ipm tool traverse rate, 400 rpm tool 
rotational rate, and 6 kips applied load yielded the best surface finish with the least amount of 
post-processing work required. 

Figure 9.  Photographs of as-fabricated surface finish for different tool traverse rates, tool rotational rates, 
and tool applied load.  A combination of 35 ipm, 400 rpm, and 6 kips (center) produced the best surface finish 
of all conditions investigated. 

Aluminum to Foil Bonding

Another important factor for plate-type nuclear fuels is bonding not only of the aluminum, but 
also between the two dissimilar metals.  Studies were carried out based on the experimental 
matrix employed in Figure 9 to investigate bonding between the AA6061 cladding and a 
surrogate SS304 foil 254 m thick.  A single pass was made over the 8.26 cm long and 1.91 cm 
wide foil to evaluate bonding non-destructively.  A single pass was made to better understand the 
distribution of heat across the contact surface of the tool, since fewer passes across the fuel plate 
to bond the Al and foil can result in increased time and cost savings and minimize the potential 



for error that may result in a destroyed foil.  Again, process heat is the most important factor for 
adequate bonding between the cladding and foil.  Ultrasonic scans of the foil region 
demonstrating these results are provided in Figure 10.  Through observation of these ultrasonic 
scans, it becomes apparent that a low tool applied load will result in insufficient bonding, 
represented by the very large black void in Figure 10.  Increasing the tool applied load for a 
given tool rotational and traverse rate will significantly improve the degree of bonding.  
However, increasing the tool load to 10 kips will result in too high of a process temperature, and 
actually minimize the amount of aluminum that can mechanically adhere to the foil surface.  This 
effect is evidenced for the condition of 400 rpm, 35 ipm, and 10 kips where gouges in the plate 
surface caused by recessed region between the advancing edge and pin.  Similarly, a low tool 
rotational rate for a given tool traverse rate and applied load will result in inadequate bonding on 
the retreating edge of the tool.  This is alleviated by improving the process temperature by 
increasing the tool rotational rate.  Similar to the surface roughness studies, bonding is somewhat 
independent of tool traverse rate, and the best combination of parameters for bonding was a tool 
traverse rate of 35 ipm, tool rotational rate of 400 rpm, and tool applied load of 6 kips. 

Figure 10.  Ultrasonic scans of surrogate SS304 foils for different tool traverse rates, tool rotational rates, and 
tool applied load.  A combination of 35 ipm, 400 rpm, and 6 kips (center) produced the most acceptable 
bonding determined by this technique of all conditions investigated. 

Tool Temperature Distribution

Experiments were carried out to investigate the temperature distribution across the tool (from the 
advancing to the retreating edge) by placing thermocouples at the joint interface.  A schematic of 
the experimental set-up is provided in Figure 11, and results of the experiments as a function of 
tool rotational rate, tool traverse rate, and tool applied load are presented in Figure 12.  The 
results represent separate effects tests, meaning that only one of the three parameters was 
changed at a time, while the other two were held constant. 

The advancing edge temperature of the tool was enhanced by increasing the tool rotational rate, 
while the smallest difference between the advancing and retreating edge of the tool was obtained 
for a rotational rate of 400 rpm with the tool traverse rate and applied load held constant at 35 
ipm and 6 kips, respectively.  The advancing edge of the tool was minimally affected by 
variations in tool traverse rate for a constant tool rotational rate and applied load.  Similarly, the 
smallest temperature gradient across the tool occurred for a traverse rate of 35 ipm, rotational 
rate of 400 rpm, and applied load of 6 kips.  Finally, an increase in the tool applied load from  



Figure 11.  Schematic of the experimental setup, showing the location of the thermocouples placed at the joint 
interface, and the surrogate SS304 foil also placed at the interface. 

2 kips to 6 kips resulted in a significant improvement in interfacial temperature, decreasing 
somewhat for loads above 6 kips due to the limit set on the penetration depth of the tool to avoid 
impacting a potential foil at the interface.  Converse to the other two parameters, the smallest 
temperature gradient across the tool occurred for a load of 2 kips with a rotational and traverse 
rate of 400 rpm and 35 ipm, respectively.  However, this is caused by inadequate contact of the 
tool with the work piece surface so that only the pin generated sufficient heat.  This artifact was 
also observed in the surface finish photographs provided in Figure 9, and also results in the 
significantly lower interface temperatures for this set of conditions. 

Observation of these figures clearly shows why the best surface finish and bonding is achieved 
for a tool rotational rate of 400 rpm, traverse rate of 35 ipm, and applied load of 6 kips.  In some 
cases, variation of the parameters can result in greater interfacial temperature and similar 
bonding characteristics, but generates the flash and ridges on the surface, pointed out in Figure 9.  
Thus, careful consideration must be given to the set of parameters that provides the best results 
for each requirement, namely surface finish and adequate bonding. 

Conclusions

This paper shows how a simple modification of the FSW process is now well-positioned for 
commercial fabrication of new research and test reactor nuclear fuel. Successful fabrication and 
qualification of this new plate-type nuclear fuel will enable the conversion of reactors currently 
operating on HEU fuel to LEU fuel, thereby decreasing nuclear proliferation concerns and risks. 
Solutions to challenges associated with this process, in addition to the novel process itself, offer 
information for users of the FSW process and as a potential alternative fabrication technique for 
laminar composite structures.  
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Figure 12.  Temperature measured at the joint interface by thermocouples placed under the retreating edge, 
pin, and advancing edge of the tool.  Temperature maps vary as a function of tool rotational rate for tool 
traverse rate = 35 ipm and applied load = 6 kips in (A), as a function of tool traverse rate for tool rotational 
rate = 400 rpm and applied load = 6 kips in (B), and as a function of applied load for tool rotational rate = 400 
rpm and traverse rate = 35 ipm in (C). 
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