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Size and mechanical property

High-density UMo/Zr monolithic nuclear fuel plates have a promising application prospect in high flux
research and test reactors. The solid state welding method called co-rolling is used for their fabrication.
Hot co-rolling simulations for the composite blanks of UMo/Zr monolithic nuclear fuel plates are per-
formed. The effects of coupon sizes and mechanical property parameters on the contact pressures be-
tween the to-be-bonded surfaces are investigated and analyzed. The numerical simulation results
indicate that 1) the maximum contact pressures between the fuel coupon and the Zircaloy cover exist
near the central line along the plate length direction; as a whole the contact pressures decrease toward
the edges in the plate width direction; and lower contact pressures appear at a large zone near the
coupon corner, where de-bonding is easy to take place in the in-pile irradiation environments; 2) the
maximum contact pressures between the fuel coupon and the Zircaloy parts increase with the initial
coupon thickness; after reaching a certain thickness value, the contact pressures hardly change, which
was mainly induced by the complex deformation mechanism and special mechanical constitutive rela-
tion of fuel coupon; 3) softer fuel coupon will result in lower contact pressures and form interfaces being
more out-of-flatness.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Owing to having a high uranium density, UMo monolithic nu-
clear fuel plates have an attractive prospect to be used in advanced
research and test reactors [1,2]. Nowadays, hot-isostatic pressure
(HIP) and co-rolling [3—5] are regarded as two effective ways to
manufacture monolithic fuel plates.

For co-rolling, four parts are firstly assembled together and then
welded at the edges to form a composite blank, in which two covers
and a frame are made of Zircaloy and UMo alloy is selected as the
material for the fuel coupon. After multi-pass hot and cold rolling
processes, the UMo coupon is expected to be bonded with the
Zircaloy covers and frame [6,7]. After fabrication, the fuel coupon
becomes a fuel meat, and the bonded covers and frame constitute
the cladding of monolithic fuel plates. The co-rolling fabrication is a
kind of solid state welding method.

The in-pile performances of UMo/Zr monolithic nuclear fuel
plates are directly dependent on the bonding strength of the
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interface between the Zircaloy cladding and UMo fuel meat. A
weak-bonded plate would easily result in interfacial failure in the
reactor irradiation environments. The fission gases will then be
released into the formed free volume, and surface blisters will take
place at high burnup to threaten the service safety of fuel plates.
The bonding strength of fuel plates depends upon several
manufacturing factors [8—13] such as the rolling temperature, the
rolling speed, the reduction set-in-advance and so on. Besides, in
order to achieve enhanced interfacial bonding strength, the UMo
fuel coupon is generally set thicker than the frame part. Higher
initial coupon thickness may result in heightened contact pressures
between the fuel coupon and the other parts. According to the
rolling-bonding theory, the contact pressures between the to-be-
bonded surfaces should be high enough to achieve high bonding
strength after hot-rolling [8,9]. So, the influence of the initial UMo
coupon thickness on the contact pressures should be precisely
investigated in order to optimize the structure of the composite
blank. Owing to the fact that the elastic modulus and yield strength
of UMo alloy will change with the mass fraction of Mo, so the
resulted different mechanical properties of UMo will affect the
mechanical interaction between the fuel coupon and the other
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parts during co-rolling. As a result, the effects of mechanical
property parameters of fuel coupon should also be studied in order
to select suitable UMo materials for monolithic fuel plates. Because
itis both expensive and time consuming for structural optimization
and material selection schemes with the traditional trial and error
method, it would be an important way to perform finite element
analysis for the co-rolling process.

Being a problem with multi-nonlinearities, an explicit finite
element method should be adopted to calculate the displacement,
strain and stress fields [14—17] for the co-rolling process. It is
known that the composite blank for monolithic fuel plates would
experience large deformation. Also, complex contact relations
appear between the roller and the cover, but also among all the to-
be-bonded parts. Besides, under the rolling temperature of
600—800 °C, the material of the cover and frame, Zircaloy, has a
strain-rate-dependent mechanical constitutive relation [18]. All
these complexities should be considered in the FEM simulation.
Research is limited on the numerical simulation analysis of the co-
rolling process for the composite blank of monolithic fuel plates.
Comprehensive studies should be implemented.

In this study, a user material subroutine previously developed
by us [20] is used to define the strain-rate-dependent mechanical
constitutive relation of Zircaloy. FEM simulation of co-rolling pro-
cess for the composite blank of monolithic nuclear fuel plates is
carried out. The influences of the initial thickness and mechanical
property parameters of the fuel coupon on the coupon deformation
and the contact pressures between the coupon and the other parts
will be analyzed.

2. Material properties and FEM models
In this study, the mechanical properties of Zircaloy are given as
E= [9.900 % 105 — 566.9 x (T — 273.15)] x 9.8067 x 10
(1)
v = 0.3303 +8.376 x 10>(T — 273.15) (2)
where E is the Young's modulus in Pa; » depicts the Poisson's ratio;

and T is the temperature in K.
The strain-hardening curve of Zircaloy is described as [18]

. \m
7= 1<g"<1(;3> 3)
K = exp (8.755 + @) (4)
n = 0.027908 (5)
m=—647 x 102 + 2203 x 10T (6)

where ¢ is the true stress in Pa; ¢ and ¢ denote the true strain and
true strain rate. If e<107°/s, ¢ = 10~>/s. K, n and m refer to the
strength coefficient in Pa, the strain-hardening exponent and the
strain rate sensitivity exponent, respectively. A three-dimensional
stress-update algorithm was developed [19,20] for this strain-rate
dependent mechanical constitutive relation. In this study, the cor-
responding user-defined subroutine is used for the co-rolling
simulation.

For the U-10Mo alloy, an ideal elastic-plastic model was taken
into consideration [2]. The Young's modulus of 65GPaand the
Poisson's ratio of 0.35 are adopted. The yield strength is 31.95 MPa

under the co-rolling temperature of 1000 K.

The geometric sizes and process parameters are shown in
Table 1. To study the influence of initial coupon thickness on the
rolling simulation results, four cases are calculated with the initial
thickness of the U-Mo coupon set as 1.15 mm, 1.20 mm, 1.25 mm
and 1.30 mm, respectively.

Considering the symmetry in the structure and loading, a 1/4
part of the composite blank and rollers is built as the geometric
model for rolling simulation, as shown in Fig. 1. The frame and the
cover are bonded with each other at the zone depicted in Fig. 1 (b).
The contact boundary conditions are respectively set to obey
the Coulomb friction model between the roller and the cover, be-
tween the cover and the frame, between the cover and the coupon,
and between the frame and the coupon. The rolling temperature is
set as 1000 K.

Each case is simulated with the same roller rotational speed of
4 rad/s, and the same roll gap of 5.36 (2.68 x 2) mm.

Compared to Zircaloy and U-Mo alloy, the stiffness of the roller
is much larger so that it is simplified as a rigid body in this study. An
8-node linear brick reduced integration element C3D8R is adopted
for discretization of the considered geometric model. The finite
element mesh can be found in Fig. 1 (c), and the total element
number is 197691.

3. Results and discussion

Four cases considering different values of initial coupon thick-
ness have been simulated, and the effects of initial coupon thick-
ness on the contact pressures between the coupon and the other
parts will be discussed. Considering that the mechanical properties
of different U-Mo alloys vary with their constituents, lowered
elastic modulus and yield strength of fuel coupon are used to obtain
the rolling simulation results in Section 3.2. So, in this section the
effects of coupon mechanical properties will also be investigated.

3.1. The influences of initial U-10Mo coupon thickness

For prediction of the metallurgical bonding strength between
the U-10Mo fuel meat and Zircaloy cladding, the maximum contact
pressures between the coupon and the cover are obtained. The
contour plot of the maximum contact pressure at the upper surface
of the U-10Mo coupon is shown in Fig. 2, which illustrates the re-
sults for the case with an initial coupon thickness of 1.20 mm. Here,
the maximum contact pressure refers to the maximum value that
every node has experienced during the whole rolling process.

It can be seen from Fig. 2 that the maximum value occurs at the
region close to the central line, and the maximum contact pressure

Table 1
Model parameters.
Parameters Value
Roller
diameter (mm) 200
length (mm) 100
Zircaloy cover
initial length (mm) 47
initial width (mm) 35
initial thickness (mm) 2.7
Zircaloy frame
initial length (mm) 47
initial width (mm) 35
initial thickness (mm) 1.1
U-Mo coupon
initial length (mm) 19.5
initial width (mm) 19.5
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Fig. 1. a) The composite blank, b) the considered geometric model and (c) the mesh grid.
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Fig. 2. The maximum contact pressure during rolling at the upper surface of the U-10Mo coupon.

decreases along the width direction as a whole. One can also find
that the minimum contact pressure appears close to the edge in the
width direction, being with a distance away from this edge, which
means that the bonding strength might be weaker at this location.
The contact pressures are smaller at a comparable large zone near
the coupon corner, which enters into the roller gap earlier. While

the contact pressures become higher at the other coupon corner in
Fig. 2. According to the UT test [7], de-bonding really happened at
the meat corners, as depicted in Fig. 3(a), which could prove the
effectiveness of our simulation.

From Fig. 2 it can be also observed that the contact pressures at
the coupon surface present some fluctuation, especially at the front
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Debond Indication via UT
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Fig. 3. (a) Plate UT image [7], (b) part of the deformed fuel coupon squeezed into the
gap between the deformed cover and frame [7] and (c) the deformed fuel coupon in
FEM simulation.

and back edges. The fluctuation mainly results from the velocity
fluctuation of the composite blank during the kinetic process
together with the complicated deformation patterns in the vicin-
ities of the edges, and the contact state between the fuel coupon
and the other parts is of complexity, especially for the fact that the
thickness of the fuel coupon is higher than the frame part.

One can see from the UT image in Fig. 3(b) that due to existence
of an initial gap between the frame and the cover (because of the
thickened fuel coupon), a part of fuel coupon would be squeezed
into this gap during rolling process. Similar phenomenon can be
found in the numerical simulation, which will also lead to the
complex distribution of contact pressures. Fig. 3(c) depicts the tail
shape of the fuel coupon after rolling. It can be found that a wave-
like shape emerges, which can demonstrate the fluctuation of the
maximum contact pressures during co-rolling.

A path shown in Fig. 4 is selected to study the influence of the
initial coupon thickness on the mechanical interaction between the
coupon and the cover. The distribution of the maximum contact
pressures and the actual through-thickness displacements along
this path are given in Fig. 5.

One can find from Fig. 5 (a) that the maximum contact pressures
along the output path generally tend to increase with the initial
coupon thickness. However, the results of 1.25 mm-case and
130 mm-case are almost the same. The maximum values of
1.15 mm-case and 1.20 mm-case are 186.784 MPa and 213.148 MPa,
respectively. They locate near the tail of the coupon. While the
maximum contact pressures of 1.25 mm-case and 1.30 mm-case are
about 100 MPa higher, and occur near the front end. With an in-
crease of 0.05 mm from 1.20 mm, the maximum contact pressures
during co-rolling rise evidently. It can be predicted that the
bonding strength can be improved heavily.

From Fig. 5 (b), it can be found that for 1.25 mm-case and
1.30 mm-case, apparent dog-bone areas appear. One can find that
near the tail end of the deformed fuel coupon the reduction is far
less than the front end. The presented shape of the fuel coupon
after co-rolling is closely related to the rolling direction. The coupon
is squeezed towards the tail end during the co-rolling process, and
at the tail end the coupon will be restrained by the frame, so a shape
of dog-bone forms. With different initial thicknesses, it can be
obtained that the current thicknesses of the fuel zone for the
1.25 mm-case and 1.30 mm-case exist larger differences, with some
locations thicker than those for 1.15mm/1.20 mm cases and some
regions thinner. As mentioned in Section 2, the numerical simula-
tion results are obtained with the same roller gap. According to the
results in Fig. 5(a) and (b) it can be known that an optimized roller
gap should be designed in order to improve the interfacial strength
and avoid large dog-bone-like deformation simultaneously.

From Fig. 5(c) it can be seen that the equivalent plastic strains of
the cover for the 1.25mm/1.30 mm cases rise heavily, compared to
1.20 mm-case. The equivalent plastic strains are especially similar
for 1.25 mm-case and 1.30 mm-case, which partly explains the
reason for the similarity of the contact pressures for these two
cases. In fact, this is basically induced by the complex deformation

Py
%%,

(b)

Fig. 4. The path along the longitudinal symmetrical plane of a) the fuel coupon and b) the cover.
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Fig. 6. The path along the lateral side of the fuel coupon.
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Fig. 7. The distribution of a) the maximum contact pressure and b) the width-direction
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Fig. 5. The distribution of a) the maximum contact pressure, b) the through-thickness
displacements along the path on coupon and c) the equivalent plastic strain on the
cover.
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Fig. 8. The path along (a) the front surface, (b) the back surface.

mechanism and mechanical properties of the fuel coupon. As
mentioned previously, the ideal elastic-plastic constitutive relation
is adopted for UMo, and the fuel coupon will be squeezed to the gap
between the cover and the frame. When the initial coupon thick-
ness is enlarged, the fuel coupon will flow into these gaps and will
not help for increase of the contact pressures.

The main purpose with a fuel coupon designed to be thicker
than the frame lies in the idea that the bonding strength between
the fuel coupon and the frame tends to be improved. In the
following, the contact pressures will be given to compare the re-
sults for the four cases with different initial thicknesses of fuel
coupon. A path in Fig. 6 is selected as the output path for the nu-
merical results of contact pressures between the fuel coupon and
the frame. The contact pressures and through-width displacement
components are denoted in Fig. 7.

One can see from Fig. 7 (a) that the maximum contact pressures
also increase with the initial values of coupon thickness. It can be
observed that the maximum contact pressures of 1.25 mm-case and
1.30 mm-case are much larger than those of 1.15 mm-case and
1.20 mm-case, and the difference might reach about 100 MPa.
Hence, the bonding strength at the formed interface between the
fuel coupon and the frame can be effectively enhanced with a
thicker fuel coupon designed. One can also find that the contact
pressures near the two ends are lower than those at the other lo-
cations, which will induce weaker bonding strength there. The
distribution characteristics of maximum contact pressures are
similar respectively for 1.15 mm-case and 1.20 mm-case, and the
same distribution pattern exists for 1.25 mm-case and 1.30 mm-
case. While the distributions of contact pressures are of difference
between 1.15mm/1.20 mm cases and 1.25mm/1.30 mm cases,
which results from the induced different mechanical interactions
among the fuel coupon, the cover and the frame. From Fig. 7 (b) one
can find that the deformation patters of the fuel coupon along the
width direction also present differences for 1.15mm/1.20 mm cases
and 1.25mm/1.30 mm cases. For the 1.25mm/1.30 mm cases, similar
dog-bone deformation characteristics appear. Induced by rolling,
the fuel coupon is squeezed towards the tail end to form a dog-bone
shape along the width direction.

The contact pressures at the front and back surfaces are also
concerned. Two paths in Fig. 8 are selected to output the numerical
simulation results. The distributions of the maximum contact
pressure are shown in Fig. 9.

In can be found that the maximum contact pressures at the front
surface could be about 20—40 MPa higher than those at the back
surface, and they all rise with the initial thickness of fuel coupon.
Compared with the maximum values of contact pressures for the
1.15 mm-case, the maximum values of 1.20 mm-case, 1.25 mm-case
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Fig. 9. The maximum contact pressures along (a) the front surface, (b) the back
surface.
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and 1.30 mm-case are 16.56%, 54.51% and 60.52% higher at the front
surface, and become 5.53%, 50.66% and 46.51% higher at the back
surface. Similarly, the results for 1.25 mm-case and 1.30 mm-case
are close to each other. It can be predicted that the formed interface
at the front surface will have higher bonding strength, which re-
lates to the rolling direction, the material flowing direction and the
mutual interactions among all the parts. According to the simula-
tion results, it can be obtained that an initial coupon thickness of
~1.25 mm is appropriate. If an optimized value of initial coupon
thickness needs to be determined, new numerical simulation for
more cases should be implemented. In the references, the initial
thickness of fuel coupon ranges from 1.2 mm to 1.3 mm [7].

3.2. The influences of mechanical properties of UMo coupon
Considering that the mechanical properties of UMo alloy de-

pends on the mass fraction of Mo, the fuel coupon might be softer
for some candidates. In this section, the numerical simulation
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Fig. 11. The distribution of the maximum contact pressure along the path in Fig. 6.

results of contact pressures are presented for the cases with a
softened fuel coupon, which means that its Young's modulus and
yield strength are lower than the values given in Section 2. They are
reset as 32 GPa and 20 MPa.

The distribution of the maximum contact pressure along the
path in Fig. 4 is shown in Fig. 10. The maximum contact pressure for
1.20 mm-case is about 20—40 MPa higher than those for 1.15 mm-
case, and the maximum contact pressures for 1.25 mm-case and
130 mm-case are much higher, which could reach about
220—-260 MPa.

The influence of the coupon thickness on the mechanical
interaction between the fuel coupon and the frame could be seen in
Fig. 11. The maximum contact pressures also rise with the initial
coupon thickness, and the contact pressures for 1.25 mm-case and
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Fig. 12. The maximum contact pressure along (a) the front surface, (b) the back
surface.
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1.30 mm-case are nearly the same, which could be 80—100 MPa
higher than those for 1.15 mm-case and 1.20 mm-case.

The maximum contact pressures at the front and back surfaces
are shown in Fig. 12. One can also observe that it obeys the same
rule as that in Section 3.1, but the contact pressure differences
between the 1.15mm/1.20 mm cases and 1.25mm/1.30 mm cases
are smaller. Compared to the maximum contact pressures for
1.15 mm-case, the maximum values for 1.20 mm-case, 1.25 mm-
case and 1.30 mm-case increase by 13.97%, 37.80% and 37.62% at the
front surface, and increase by 13.80%, 35.59% and 41.38% at the back
surface. One can find that the minimum contact pressures at the
path end rises a lot for 1.25 mm-case and 1.30 mm-case as well,
compared to those for 1.15 mm-case and 1.20 mm-case. The mini-
mum value at the front surface is 70.87 MPa for 1.15 mm-case,
78.73 MPa for 1.20 mm-case, and 157.51 MPa for 1.25 mm-case. It
can be obtained that the corresponding bonding strength can be
improved altogether when the initial thickness of fuel coupon
reaches 1.25 mm or a larger value.

In order to compare the rolling simulation results for the cases
with different coupon materials, in Fig. 13 the maximum contact
pressures and through-thickness displacements along the path in
Fig. 4 are given. The coupon material with the mechanical prop-
erties given in Section 2 is called Material 1, and the softened
coupon material used in this section is called Material 2. From
Fig. 13 (a), one can see that the contact pressures for Material 2 are
lower as a whole than those for Material 1. One can't judge the
bonding strength of the formed interface by Material 1 and Material
2, because the relation of the contact pressure with the bonding
strength relies on the two materials to form the interface. Never-
theless, the results in Fig. 13 (a) indicate that for Material 2 the
bonding strength can be also enhanced with a thicker fuel coupon.
One can also find for the two cases with an initial coupon thickness
of 1.25 mm that the contact pressure distributions are different for
Material 1 and Material 2. The simulation results of contact pres-
sure for Material 2 are lower near the front end of the path, which
will result in weaker bonding strength there. This is for the reason
that the plastic flow of Material 2 is easy to occur.

Fig. 13(b) denotes the through-thickness displacements for the
cases with different coupon materials. The displacement differ-
ences for the two materials can scarcely be found when the initial
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coupon thickness is set as 1.20 mm. While for the two cases with an
initial coupon thickness of 1.25 mm, the difference between the
maximum thickness and minimum thickness after co-rolling is
larger for Material 2, which indicates that a softened fuel coupon
will appear to form an interface being more out-of-flatness. This
results from the fact that with the same roller gap larger plastic
deformation is easy to occur for a softer and thicker fuel coupon, so
that the coupon part can easily flow towards the back end. In the in-
pile environments, compared to the results at the flat interface, the
interfacial stresses induced by the fuel swelling and creep will
present some differences at the curved interface, which will
possibly become a mechanism of interface fracture. As a result, the
U-Mo alloy used as the fuel coupon should not be too soft.

4. Conclusions

In this study, co-rolling simulation results for a series of cases
considering different values of initial coupon thickness have been
obtained and investigated. The effects of mechanical properties of
fuel coupon are also discussed. The conclusions are drawn as
follows.

1) The maximum contact pressures between the fuel coupon and
the Zircaloy cover exist near the central line, and decrease to-
ward the edges along the plate width direction as a whole.
Lower pressures occur at a large area near the corners of the fuel
coupon, where the interfaces formed by the coupon and the
cladding are easy to engender de-bonding in the in-pile irradi-
ation environments.

2) The contact pressures between the U-Mo coupon and the Zir-
caloy parts rise remarkably when the initial thickness of the
coupon increases, so increase of the initial coupon thickness
could enhance the bonding strength after co-rolling. The contact
pressures with a softened fuel coupon will be lower than those
with a fuel coupon having higher elastic modulus and yield
strength. A softened fuel coupon will appear to form an interface
being more out-of-flatness, so the U-Mo alloy used as the fuel
coupon should not be too soft.

3) When the initial coupon thickness increases to a certain value,
further increase will affect the as-fabricated bonding strength
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Fig. 13. a) The maximum contact pressure and b) the through-thickness displacement for the two kind UMo materials.
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slightly. Thus, an optimized initial coupon thickness should be
designed.
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