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a b s t r a c t

When a new fuel is developed, various mechanical properties are absolutely necessary for a safety
analysis of the fuel for the licensing and prediction of its mechanical behavior during operation and
accident conditions. In this paper, a mechanically equivalent surrogate plate of UeMo dispersion fuel is
presented using tungsten, substitute material of UeMo particle. A surrogate plate, composed of tungsten/
aluminum dispersion meat and aluminum alloy cladding, is manufactured with the same fabrication
process with that of fuel plate except that a tungsten powder is used instead of UeMo powder. A modal
test showed that the surrogate plate and fuel plate have similar dynamic characteristics, and a tensile test
demonstrated the similarity of the material property up to the yield strength range. The conducted tests
proved that the surrogate tungsten plate has equivalent mechanical behaviors with that of a fuel plate,
which leads to the acceptable use of a surrogate fuel assembly using tungsten/aluminum dispersion meat
in various mechanical tests. The surrogate fuel assembly can be utilized for various out-of-pile charac-
teristic tests, which are necessary for the licensing achievement of a research reactor that uses UeMo
dispersion fuel as a driver.
© 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

The KJRR (Ki-Jang Research Reactor) was designed to use UeMo
fuel. A plate-type U-7wt.% Mo/Al-5 wt.%Si, referred to as Ue7Mo/
Ale5Si, which is a dispersion fuel with a uranium density of 8.0 g-
U/cm3, is selected as a drive fuel. KJRR fuel will be the first
engineering-scale application of UeMo fuel for commercial pur-
poses. For the fuel qualification of newly developed UeMo fuel, the
irradiation performance of fuels, fuel fabrication technology, and
the mechanical behaviors of a fuel assembly under operational
states and accidents shall be thoroughly investigated through in-
pile and out-of-pile tests. A safety analysis report that demon-
strates that the fuel design and fabrication are adequate tomaintain
its mechanical integrity and geometric stability, and that its per-
formance is stable and predictable, shall be sent to the regulatory
body. In the out-of-pile characteristic tests of a fuel assembly,
various mechanical tests are performed: a modal testing to check
the resonance with a pump blade passing frequency, a flow-
induced vibration test to estimate the vibration amplitude, a

hydraulic test for a pressure drop measurement, a bending test to
figure out the lateral stiffness of the fuel assembly, an impact test to
show the structural integrity in the drop accident, and further tests
depending on the structure of the fuel assembly. In the case of a
plate-type fuel assembly, the critical flow velocity measurement
test is additionally required. The critical flow velocity is the
threshold where the fluidelastic instability of the plate buckling
due to an unbalance of the hydrodynamic forces begins to occur.

Because a radioactive material should be carefully managed in a
radiation controlled area, and it is difficult to install a huge exper-
imental facility within a controlled area, a surrogate fuel assembly
that uses the substitute material instead of uranium has often been
used in out-of-pile characteristic tests. By using the surrogate fuel
assembly in the tests, the disposal difficulty of the test specimen
itself as well as radioactive test water possibly contaminated by
radioactivematerials can be avoided. In such cases, it is necessary to
conduct a verification test to investigate whether the surrogate
material can adequately replace the uranium material from a me-
chanical point of view. The regulatory body may request the veri-
fication test results on the mechanical similarity between the fuel
assembly and the surrogate.

There have been some studies of a surrogate PWR (pressurized
water reactor) fuel assembly for the mechanical tests. McConnell* Corresponding author.

E-mail address: kimh@kaeri.re.kr (H.-J. Kim).

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net

https://doi.org/10.1016/j.net.2018.10.015
1738-5733/© 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/).

Nuclear Engineering and Technology 51 (2019) 495e500

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kimh@kaeri.re.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2018.10.015&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2018.10.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2018.10.015
https://doi.org/10.1016/j.net.2018.10.015


et al. used a surrogate PWR fuel assembly in a shaker test [1] and
under normal conditions of a transport truck test [2]. A copper tube
containing a lead rod is used as a surrogate of Zircaloy cladding and
a UO2 pellet owing to their limited availability. Thewall thickness of
the copper tube is adjusted so that the surrogate fuel assembly has
a similar flexural rigidity as that of the fuel assembly, and the lead
amount is adjusted so that the total assembly weight becomes
similar as that of the fuel assembly. Note that UO2 and lead share
very similar densities, but their difference in stiffness is consider-
able, i.e., the stiffness of UO2 is twelve times higher than that of
lead. Zircaloy has 30% less density than a copper tube, whereas
Zircaloy has a similar stiffness with copper. In the case of a pellet,
they focused on matching the total weight between the fuel as-
sembly and surrogate, although the flexural rigidity could not be
inevitablymatched. Zargar et al. [3] investigated the contribution of
pellets to the lateral stiffness of a cladding using a surrogate PWR
fuel assembly. Surrogate copper claddings with a steel pellet or rod
are used as a surrogate of Zircaloy cladding and UO2 pellet. For the
case of steel pellets in contact with the copper cladding, the
contribution of steel pellets to the overall flexural rigidity of the rod
is rather negligible. For the transferring and handling the sludge as
a slurry for treatment and disposal, the surrogate materials for the
irradiated uranium metal and uranium dioxide have been studied
and the mechanical and physical properties are compared [4]. The
tungstenmaterial is recommended as the irradiated uraniummetal
surrogate, because the tungsten have similar density and hardness
of those of uranium.

Previous researches of PWR fuels showed that the effect of the
pellet stiffness on the mechanical behaviors of a fuel assembly such
as vibration or impact is not significant because of the existence of a
gap and no flexural rigidity of a piled pellet. Thus, a surrogate pellet
made of steel or lead that has an equivalent mass only is used
instead of a UO2 pellet. On the other hand, the KJRR fuel assembly
has a flat plate-type structure. The fuel plate consists of fuel meat
and cladding which hermetically seals the fuel meat. In such a
structure, not only the total mass but also the stiffness of the fuel
meat is important factor on the structural behaviors of a fuel
assembly.

In the present work, a surrogate fuel plate, which has me-
chanically equivalent properties with UeMo dispersion fuel, is
presented. The tungsten which has density very near that of ura-
nium, as well as similar hardness [4] is selected as substitute ma-
terial of Ue7Mo. The fabrication processes of a surrogate plate,
which is composed of the tungsten/aluminum dispersion meat and
cladding, are explained, and its manufacturing property is pre-
sented. The dynamic and static behaviors of the fuel plate and
surrogate are examined and compared through the modal and
tensile tests, and their similarity are shown. For the UeMo
dispersion fuels, the presented surrogate fuel assembly made of
tungsten particles can be utilized for various structural tests, which
can be used for fuel licensing data.

2. Fabrication

The KJRR fuel plate (70.7 mm � 1.27 mm � 640 mm) is a flat
plate composed of a fuel meat and surrounding cladding. The
cross section of the fuel plate is illustrated in Fig. 1(a). The fuel
meat (62.0 mm � 0.51 mm � 600 mm) consists of an aluminum-
5wt.% silicon matrix dispersion of uranium-7wt.% molybdenum
(Ue7Mo) metallic alloy with a U235 enrichment of 19.75%. The
uranium density is 8.0 gU/cc. It is hermetically sealed with
aluminum alloy cladding, of which the material is made of
aluminum alloy 6061. The meat is bonded rigidly to its sur-
rounding cladding for excellent heat conductance and structural
integrity.

The plate-type fuel plate is fabricated by means of the rolling
processes. For the first, a compact (fuel meat) is prepared by
compaction of a homogeneous blend of Ue7Mo powders and
Ale5Si powders. By assembling the two cover plates, one picture
frame and a compact, and bywelding four sides except the corner, a
plate assembly, as shown in Fig. 2(d), is produced. The welded plate
assembly undergoes the hot rolling, followed by a cold rolling
process. After completing the rolling processes, the plates are then
polished and trimmed to finial dimensions. For the quality in-
spection, various inspections are carried out to check whether the
fabricated fuel plate meets the specification values. Meat dimen-
sion measurement, inspection of manufacturing defects (stray
particles) and homogeneity are observed using X-ray radiography.
The meat/cladding thickness are measured using metallographic
inspection.

The theoretical density of atomized Ue7Mo is 17.7 g/cc [5]. To
have a uranium density of 8.0 gU/cc in the given meat size, Ue7Mo
powders of 162.64 g are used. The volume fraction of Ue7Mo
particles and Ale5Si in fuel meat are computed as 49.2% and 45.7%,
respectively. To achieve a feasible volume fraction of metal particles

Fig. 1. Configuration of KJRR fuel plate and surrogate tungsten plate.

Fig. 2. Fabrication process of KJRR fuel plate.
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in the fuel meat for the compacting and rolling processes, tungsten
whose density is slightly higher than the Ue7Mo particles is
selected as the substitute material. It is also reported that the
tungsten provides a similar hardness with that of uranium metal
[4]. If a substitute material whose density is much smaller than that
of Ue7Mo particles is selected, it may bring about a large volume
fraction of the metal particles in the meat, which may lead to a
compact not being produced well, or the cladding thickness in the
dog-bone area after rolling becoming thinner. The fabrication
processes of a surrogate tungsten plate is the same as those of the
fuel plate, except that the tungsten powder is used in the
compaction instead of Ue7Mo powder. The weight of tungsten and
aluminum powders for the surrogate are adjusted to have the
equivalent mass of a fuel plate. Table 1 is the weight data per par-
ticle of the fuel plate and fabricated surrogate. In the UeMo fuel, to
suppress the interaction layer growth between the UeMo and
aluminum matrix during irradiation, silicon of 5 wt % is added to
the aluminum matrix. However, this Si addition does not have a
significant effect on the mechanical behavior. Thus, the Si addition
process is omitted in the fabrication of the surrogate. The cross
section of the surrogate tungsten plate is illustrated in Fig. 1(b).

Fig. 3 shows the fabricated UeMo fuel plate and surrogate
tungsten plate, and an example of metallography. Micrographs of
the cross-section showed that Ue7Mo and tungsten powders are
well distributed between the aluminum claddings. Fig. 4 shows the
X-ray images of the fuel plate and surrogate, which are used for the
inspection of the meat location, homogeneity, and stray particles.
The radiography appearance of the dispersion is considered to be
satisfactory. The length of the meat is measured as 598.30 mm and
598.29 mm for the fuel plate and surrogate, respectively.

3. Mechanical test and analysis

The fuel assembly is subject to various mechanical static or
dynamic loads under operational states and during an accident.
Under the dynamic loads from the coolant flowing or seismic load,
the dynamic response of the structure should be estimated. The
equations of motion for an arbitrary structural system can be
written as

½M�
�
€D
�
þ ½C�

n
_D
o
þ ½K�fDg ¼ fRextg (1)

where ½M�, ½C�, and ½K� are the mass matrix, damping matrix and
stiffness matrix, respectively, fDg is the displacement vector, and
fRextg is the external force vector. The dots denote partial de-
rivatives with respect to time. The equation states that external
loads are resisted, or dynamically equilibrated, by a combination of
inertia forces, damping forces, and internal stresses.

For a free vibration analysis with undamped system, equation
(1) is reduced to

�
½K� �w2½M�

��
D
� ¼ 0 (2)

where w is the natural frequency, fDg is the eigenvector, and ð½K� �
w2½M�Þ is called a dynamic stiffness matrix.

If the external loading is cyclic and of frequency less than
roughly one-quarter of the structure’s first natural frequency of
vibration, a dynamic response is scarcely larger than the static
response (only 7% larger for a single-DOF spring mass system) [6].
In such case, the inertia forces can be ignored and the problem can
be classified as quasistatic and analyzed using a static analysis. The
equilibrium equation can be written as

½K�fDg ¼ fRextg (3)

the stiffness matrix can be written in discretized form, ½K� ¼R ½B�T ½E�½B�dV .
Where ½B� is the strain-displacement matrix, and ½E� is a

constitutive matrix which contains the material properties. It can
be seen that the constitute matrix involves the material properties,
such as elastic constants.

At a frequency of much less than that of resonance, the response
of the system is dominated by the stiffness of the system. At a
frequency of much greater than that of resonance, the response of
the system is dominated by the mass inertia of the system. At fre-
quencies close to resonance, the response of the system is
controlled by the amount of damping. However, in most structural
designs of a mechanical system, particularly a nuclear fuel design,
the structural systems are designed to have a natural frequency
which is shifted away from the resonance range so as to preclude
the resonant failure. In this regard, having a similar stiffness and

Table 1
Weight data of fuel plate and surrogate tungsten plate.

Fuel plate Surrogate tungsten
plate

UeMo Ale5Si W Al

Weight per composition 162.64 g 22.88 g 163.64 g 22.36 g
Weight 288.58 g 288.22 g

Fig. 3. Manufactured fuel plate and surrogate tungsten plate and its metallography.

Fig. 4. X-ray images for plate inspection.
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mass is important for the mechanically equivalent model con-
struction of UeMo fuel plates. For this, modal testing to show the
equivalent dynamic behavior, and tensile testing to show the sim-
ilarity on the elastic properties, are planned and performed.

In the case of plate-type fuel, note that the cladding and fuel
meat are metallurgically bonded without a gap. Therefore, unlike a
PWR fuel assembly, there are no contact behaviors accompanied by
plastic deformation between the pellet and cladding, such as a
PCMI (pellet-clad mechanical interaction). In addition, the struc-
tural load applied to the research reactor fuel assembly is not severe
compared to that of a PWR, because it operates under an

atmospheric pressure condition and lower temperature condition.
Therefore, the linear elastic behavior is dominant for a plate-type
fuel assembly for a research reactor.

3.1. Modal test

Experimental modal testing is conducted to find the dynamic
characteristic of a linear system that is defined independently
from the loads applied to the system. These basic dynamic char-
acteristics, the natural frequency, mode shape, and damping ratio,
are used for determination of the response and utilized for the
structural design to check the resonance. A modal test is also
employed to validate the constructed finite element analysis model
of a complicated structure. By comparing with the modal test and
analysis under a certain boundary condition, the analysis model can
be verified and validated such that the subsequent computation
can achieve the reliability of the results, for example, stress under a
safe shutdown earthquake (SSE). It is common to investigate the
dynamic properties to show the dynamic similarity between the
uranium fuel assembly and the surrogated one.

The measurement of the frequency response functions (FRF) is a
key and essential step in an experimental modal analysis. The FRF is
defined as the output response divided by the input excitation in
the frequency domain at each measurement location. Thus, a test
object should be excited by a certain wave profile of force, i.e.,
impulse or periodic, by way of an impact hammer or a shaker. Then,
modal parameters can be extracted from the measured FRFs. Mode
shapes or modal vectors are deformed patterns at the associated
resonant frequencies.

Fig. 5 shows the modal test setup. The excitation force and re-
sponses of the test object are measured to obtain FRF. The test
object is freely hanged with a portable stand and a wire strip in the
air. A force transducer (installed at the tip of an impact hammer or
shaker) and miniature accelerometers are used to measure the
force applied to the specimen by an impact hammer, and to receive
the acceleration responses by the impact force. Responses at mul-
tiple measurement locations are measured by accelerometers
firmly fixed on the test object. Test data analysis software or
spectrum analyzer processed all measured signals to produce an
FRF which is the input-output relationship between the force and
response of the structure.

Fig. 6 shows the FRF of fuel plate and surrogate tungsten plate
under free-free boundary conditions. The peak frequency in the
measured FRF indicates the corresponding natural frequency. Their
imaginary parts represent the magnitude of the modal vectors. It
can be seen that the surrogate tungsten plate responds at the
identical frequency with a similar magnitude as those of the fuel
plate.

Table 2 lists the natural frequencies of the fuel plate and sur-
rogate. A numerical modal analysis on the fuel plate is also per-
formed. It can be seen that the analysis and test results of the fuel

Fig. 5. Modal test setup.

Fig. 6. Frequency response functions of fuel plate and surrogate tungsten plate.

Table 2
Natural frequencies of fuel plate and surrogate tungsten plate. (Hz)

Mode
No.

Fuel plate Surrogate tungsten plate Error (%) between
fuel plate and surrogate

tungsten plate
Analysis Test Test

1 12.10 12.93 12.95 �0.15
2 33.3 34.1 34.2 �0.29
3 65.4 66.1 66.1 0.00
4 67.2 67.6 66.8 1.18
5 108.3 109.4 109.7 �0.27
6 135.7 136.3 134.2 1.54
7 162.1 162.9 163.5 �0.37
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plate are in good agreement. The natural frequency differences up
to seventh mode between the two plates are less than 2%. Fig. 7
shows the mode shapes of fuel plate from analysis. It is seen that
the first, second, and third modes are bending modes, while the
fourth mode is a twist mode.

From the modal test, the dynamic behavior of the surrogate
tungsten plate is similar to that of the fuel plate.

3.2. Tensile test

To clarify the similarity of the mechanical properties of the fuel
plate and surrogate, a tensile test is performed. The mechanical
properties of the Young’s modus, yield and ultimate tensile
strengths, are measured and compared.

In the measurements, the displacement in the gauge length
region is determined using a contact-type extensometer, as shown
in Fig. 8. As a tensile test specimen, a sub-sized specimen of 6 mm
wide in accordance with ASTM E8 [7] is acquired from the

fabricated plate using a pressing machine or wire cutting machine.
The thickness of specimen is 1.27 mm, which is identical with that
of the fuel plate. Each specimen is composed of three layers, the
meat, and claddings. The crosshead speed is set to 0.015 mm/mm/
min of the original reduced section, i.e., 0.375 mm/min.

Table 3 shows the summary of the Young’s modulus, yield and
ultimate tensile strengths. The Young’s modulus of the fuel plate
and surrogate are 67.9 and 70.8 MPa on average, respectively. The
difference in Young’s modulus between the two plates is observed
to be about 4.3%. The yield and ultimate tensile strengths of the fuel
plate are 173.0 and 180.6 MPa, respectively, whereas those of the
surrogate are measured as 177.4 and 183.4 MPa. It can be seen that
the rupture of the specimen at a strain rate of less than 1.5% mainly
comes from the fracture of the meat material, which is brittle. Fig. 9
shows the specimen configuration after a rupture. Note that the
stress design criteria used for the fuel design is obtained from the
tensile test of the cladding material. The yield and ultimate tensile
strengths of a tungsten plate are larger than those of a fuel plate by
2.5% and 1.6%, respectively. Because the differences in elastic
modulus, the yield and tensile strengths of two plates are less than
5%, the elastic behaviors of a surrogate tungsten plate follows well
with those of a fuel plate.

In most of the out-of-pile characteristic test results to be used in
the evaluation of the safety analysis of fuels in the research reactor,
such as the modal and flow-induced vibration tests, the fuel as-
sembly or fuel plate exhibited elastic behavior.

The tensile test results reveal that a surrogate tungsten plate has
similar material properties as a fuel plate.

4. Conclusion

In an out-of-pile characteristic test, it is difficult to use the real
fuel assembly owing to the limitation of availibility that huge
experimental facility cannot be installed in the radiation controlled
area, and to the disposal difficulty of radioactive contaminated test
water possibly by radioactive materials as well as the test specimen
itself. In this regard, it is often necessary to utilize the surrogate fuel
assembly in the out-of-pile characteristic test.

Taking into account the manufacturing characteristics and
feasible density for manufacturing, the tungsten is selected as a
substitute material of Ue7Mo. From the radiography and metal-
lography of the fabricated plates, the surrogate tungsten plate was
found to meet well the specifications of the fuel plate. To clarify the
similarity on the mechanical behaviors between two plates, a
modal test to show the dyanmic behaviors, and a tensile test to
compute the elastic constant, are performed. From the modal test,
the FRFs are almost identical, and the differences in natural fre-
quencies between the two plates are observed to be less than 2%. A
tensile test reveals that the material properties such as Young's

Table 3
Young's modulus, yield and ultimate tensile strengths of fuel plate and surrogate tungsten plate.

Specimen No. Fuel plate Surrogate tungsten plate

Young’s modulus (GPa) Yield strength (MPa) Ultimate tensile
strength (MPa)

Young’s modulus (GPa) Yield strength (MPa) Ultimate tensile
strength (MPa)

1 66.8 173.0 179.6 72.1 176.7 181.4
2 71.4 172.9 181.7 70.1 175.8 181.5
3 70.3 172.8 179.7 70.6 173.5 178.4
4 66.6 174.1 182.8 70.6 177.8 182.5
5 64.5 172.2 179.0 70.8 181.0 188.7
6 71.1 181.6 189.5
7 70.9 179.8 186.9
8 70.2 173.3 178.7
Average 67.9 173.0 180.6 70.8 177.4 183.4

Fig. 7. Mode shapes of fuel plate.

Fig. 8. Tensile test setup.
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modulus, yield and ultimate tensile strengths, are similar to each
other within 5%. It is considered that the difference between 5%
shown in the test will not sereiously affect the structural behaviors,
such as the flow induced vibration test and modal test. Thus, it is
adequate to use tungsten as the surrogate of Ue7Mo.

There will be significant demend for research reactors that use
UeMo fuel as a drive fuel because of its high uraninum loading. To
achieve the fuel license from the regulatory body, various out-of-
pile tests of the designed fuel assembly should be performed to
figure out its structural behavior. The present paper provides a
technical background in which a surrogate fuel assembly with

tungsten/aluminum dispersion meat can be the substitute of a
Ue7Mo fuel assembly in the structural tests.
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