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a b s t r a c t

The construction project of the Kijang research reactor (KJRR), which is the second research reactor in
Korea, has been launched. The KJRR was designed to use, for the first time, UeMo fuel. Plate-type Ue7
wt.% Mo/Ale5 wt.% Si, referred to as Ue7Mo/Ale5Si, dispersion fuel with a uranium loading of 8.0 gU/
cm3, was selected to achieve higher fuel efficiency and performance than are possible when using U3Si2/
Al dispersion fuel. To qualify the UeMo fuel in terms of plate geometry, the first miniplates [HANARO
Miniplate (HAMP-1)], containing Ue7Mo/Ale5Si dispersion fuel (8 gU/cm3), were fabricated at the Korea
Atomic Energy Research Institute and recently irradiated at HANARO. The PIE (Post-irradiation Exami-
nation) results of the HAMP-1 irradiation test were analyzed in depth in order to verify the safe in-pile
performance of the Ue7Mo/Ale5Si dispersion fuel under the KJRR irradiation conditions. Nondestructive
analyses included visual inspection, gamma spectrometric mapping, and two-dimensional measure-
ments of the plate thickness and oxide thickness. Destructive PIE work was also carried out, focusing on
characterization of the microstructural behavior using optical microscopy and scanning electron mi-
croscopy. Electron probe microanalysis was also used to measure the elemental concentrations in the
interaction layer formed between the UeMo kernels and the matrix. A blistering threshold test and a
bending test were performed on the irradiated HAMP-1 miniplates that were saved from the destructive
tests. Swelling evaluation of the UeMo fuel was also conducted using two methods: plate thickness
measurement and meat thickness measurement.
© 2017 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

UeMo alloy, in a UeMo/Al dispersion fuel form, one of the most
promising new fuel candidates owing to its high uranium density as
well as excellent irradiation performance, is being developed
extensively to convert from highly enriched uranium fuel to low
enriched uranium fuel for high-performance research and test re-
actors [1]. However, the formation of an interaction layer (IL) be-
tween UeMo particles and the Al matrix, and the associated pore
formation, under high heat flux and high burnup conditions,
degrade the irradiation performance of the UeMo/Al dispersion
fuel [2e9]. One remedy to overcome the interaction problem in
UeMo/Al dispersion fuel has focusedmostly on Si addition to the Al

matrix. Because Si has a higher chemical affinity for U than Al does,
an Si-rich layer formed at the interface between the UeMoparticles
and the Al matrix can act as a diffusion barrier and reduce the rate
of interaction between the UeMo and the Al during irradiation
[10,11]. Because a Si addition to the Al matrix to suppress IL growth
in the UeMo/Al dispersion fuel was proposed to stabilize the ILs,
there have been numerous out-of-pile [12e25] and in-pile tests
[26e55] conducted to examine the Si effect. It has been commonly
accepted that Si addition to Al in UeMo dispersion fuel, even in
small amounts (e.g., 2e5 wt.% Si), effectively reduces IL growth and
further delays pore formation and growth in ILs under moderate
heat flux conditions (e.g., <~250 W/cm2). However, there is still
uncertainty regarding the bounding conditions of the fission rate
and burnup for the onset of breakaway swelling, below which
UeMo dispersion fuel shows safe and predictable in-pile perfor-
mance behavior.
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In April 2012, the Korea Atomic Energy Research Institute
(KAERI) launched the construction of the Kijang research reactor
(KJRR), as a major national project for nuclear science and engi-
neering, aiming at (1) satisfying domestic and global needs
for medical and industrial radioisotopes including Mo-99, (2)
providing sufficient industrial demand for neutron transmutation
doping, and (3) facilitating the utilization of radioisotopes related
research [56]. It is worth noting that UeMo fuel will be loaded in
the KJRR as part of theworld's first commercialized use of such fuel.
Plate-type Ue7 wt.% Mo/Ale5 wt.% Si dispersion fuel, Ue7Mo/
Ale5Si hereafter, with a uranium loading of 8.0 gU/cm3, was
selected to achieve greater efficiency and higher performance than
are possible when using U3Si2/Al fuel; this reactor will as a result be
able to operate with a longer fuel cycle (~50 days/cycle). It was also
confirmed, through previous in-pile and out-of-pile experiments
using UeMo fuel, that the KJRR fuel will exhibit safe and sound
irradiation behavior under the Kijang operation conditions of heat
flux (average ~40W/cm2 and local peak ~120W/cm2), and burnups
(average ~65 at.% U-235 and local peak >~80 at.% U-235), respec-
tively [57]. Although adding 2 wt.% silicon to the Al matrix can
effectively suppress the IL growth in UeMo/Al dispersion fuel, the
addition of 5 wt.% Si was decided on to obtain a sufficient margin of
fuel swelling owing to irradiation-induced IL growth. The fission
rate of the KJRR is much lower than the fission rates that the Eu-
ropean and US UeMo fuel development programs are interested in
for high-performance research reactors. However, qualification of
the fuel by demonstrating the mechanical integrity, geometric
stability, acceptable dimensional changes, and assurance that the
performance of the fuel is stable and predictable during the irra-
diation period will be necessary.

In addition to the LTA (Lead Test Assembly) that was built and is
now being irradiated at the ATR (advanced test reactor) at INL
(Idaho National Laboratory), USA, the HANARO miniplate irradia-
tion tests (HAMP-1, 2, and 3) were planned for the sake of a
comprehensive fuel qualification of the fuel design, manufacturing,
and in-pile performance. Table 1 provides a list of the important
parameters for the HAMP and LTA irradiation tests, by which a
series of fuel performance data with different plate sizes, heat
fluxes, and burnups will be obtained to verify the stable in-pile
performance behavior of the KJRR fuel. The HAMP-1 miniplate
irradiation test was designed to provide basic irradiation data
including the fuel behavior up to a fuel burnup of about 60% to 65%

U-235 depletion under heat flux of ~220 W/cm2 on average. In this
study, a postirradiation analysis of plate-type Ue7Mo/Ale5Si
dispersion fuel from the HAMP-1 miniplates was performed in-
depth in order to verify the safe in-pile performance behavior of
the UeMo fuel under the KJRR irradiation conditions.

The significance of the HAMP-1 test is twofold. One aspect is
that this is the first test of plate-type UeMo/Al or UeMo/AleSi
dispersion fuels fabricated at KAERI. The other aspect is that this
test will demonstrate the viability of the fuel design planned for use
as the driver fuel for KJRR. Therefore, a good in-pile performance of
the fuel was considered a stepping stone for the world's first use of
this fuel in a commercial reactor; the future contribution by KAERI
to the global research and test reactor community in high-density
fuel development also hinges on this experiment.

2. Experiment description

The HAMP-1 test, utilizing atomized Ue7Mo particles dispersed
in Ale5Si, consists of six miniplates with a U loading of 8.0 gU/cm3

and two plates with a loading of 6.5 gU/cm3. The irradiation
capsule, called 13F-05K, consists of two clusters (upper and lower),
each of which contains four miniplates, as shown in Figs. 1 and 2.
Each plate is inserted into the slots inside the cluster, and its axial
movement is restrained by the upper and lower stoppers. The
HAMP-1 test plates were irradiated at the OR3 hole in the HANARO
for four cycles (#92e#95), with a 111.4-EFPD (effective full power
day) residence time from January 27, 2014 to June 18, 2014, while
nearly facing the core center. The fission rate for the HAMP-1
irradiation, a crucial irradiation parameter, was designed to be
high enough, compared to the KJRR irradiation condition in terms
of the fuel qualification in which the irradiation performance of
Ue7Mo/Ale5Si dispersion fuel under the HAMP-1 condition was
evaluated, to be safe and predictable even after ~60% burnup.

For the safety assessment of the HAMP-1 irradiation test, nu-
clear calculations were performed using the McCARD (Monte Carlo
Code for Advanced Reactor Design and analysis) code, which is one
of the Monte Carlo codes [58]. McCARD is capable of performing
burnup calculation using the built-in depletion equation solver
module. To calculate the heat flux and burnup, the fuel meat zone of
each miniplate was divided into 7 � 4 segments. The calculated
results agree well with the calculation uncertainties. The current
as-run analysis assumed a uniform fuel loading in the fuel meat.

Table 1
List of important parameters for the HAMPs and LTA irradiation tests.

Parameters HAMP-1 and -2 HAMP-3 FA irradiation (KJRR-LTA)

U-235 enrichment 19.75 ± 0.2%
Number of plates 10 (8.0 gU/cm3) 4 (8.0 gU/cm3) 19 (8.0 gU/cm3)

2 (6.5 gU/cm3) 2 (6.5 gU/cm3)
Fuel meat dimension (mm) 0.51 ± 0.03 (T) 0.51 ± 0.03 (T) 0.51 ± 0.03 (T)

25 ± 1.8 (W) 25 ± 1.8 (W) 62 ± 1.8 (W)
70 ± 5 (L) 600 ± 5 (L) 600 ± 5 (L)

Fuel plate dimension (mm) 1.27 ± 0.05 (T) 1.27 ± 0.05 (T) 1.27 ± 0.05 (T)
35 ± 0.2 (W) 35 ± 0.2 (W) 70.7 ± 0.2 (W)
130 ± 0.5 (L) 640 ± 0.5 (L) 640 ± 0.5 (L)

Achieved/target BU (U235 depletion %) Ave. 62.4% (HAMP-1) 70e75% (ave.) ~85% (local peak)
Ave. 70e75% (HAMP-2) 85e90% (local peak)

Average heat flux at BOC, (W/cm2) 225 (HAMP-1) 160
140e150 (HAMP-2)

Local peak heat flux at BOC, (W/cm2) 257 (HAMP-1) 135e145 188
170e180 (HAMP-2)

Flow rate in fuel channel (m/s) 13.2 13.2 7.2
Water gap in fuel channel (mm) 2.13e2.20 2.13e2.20 2.35
Irradiation hole OR-3 (HANARO) OR-5 (HANARO) NEFT (ATR)
Irradiation Schedule Jan. 27, 2014eJune 14, 2014 (HAMP-1) 2017e Nov. 10, 2015eFeb. 2017

2017e (HAMP-2)

ATR, advanced test reactor; BOC, beginning of cycle; BU, burnup; FA, fuel assembly; HAMP-1, HANAROminiplate irradiation test; KJRR, Kijang research reactor; LTA, Lead Test
Assembly; NEFT, North East Flux Trap.
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Depletion calculation was applied according to the HANARO fuel
management practice, which divides each HANARO cycle into six or
seven burnup steps considering the CAR position. Fig. 2 shows the
gradual decrease in heat flux on the HAMP-1 miniplates as the irra-
diation time increases. From theMCNP calculations, the plate average
burnupafter theHAMP-1 irradiation testwas foundtobe62.4at.%U235

in the lower cluster and60.0 at.%U235 in theupper cluster. As shown in
Fig. 3, the KJM8031 (plate #3) in the lower cluster showed the highest

plate average heat flux history, inwhich the heat flux at BOL (begin of
life) was estimated to be 225W/cm2 on average and 257W/cm2 at the
local peak. The life-averaged temperatures were estimated to be
~120�C for the KJM8031 and ~100�C for the KJM6506 plate.

After completion of the HAMP-1 irradiation and cooling in the
reactor pool, the test rigwas transported on September 4, 2014 from
theHANARObuilding to the IMEF (IrradiatedMaterials Examination
Facility) hot cell for a postirradiation examination campaign.

Fig. 1. Plate geometry in the HAMP-1 irradiation capsule. HAMP-1, HANARO miniplate irradiation test.

Fig. 2. HAMP-1 plates. (A) Upper cluster. (B) Lower cluster. HAMP-1, HANARO miniplate irradiation test.

Fig. 3. Plate average heat flux history of the HAMP-1 miniplates as the irradiation time increases. HAMP-1, HANARO miniplate irradiation test.
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The nondestructive analyses included a visual inspection,
gamma spectrometric mapping, and two-dimensional measure-
ments of the plate and oxide thicknesses. Destructive PIE work was
also carried out for the two miniplates, KJM8031 with 8.0 gU/cm3

and KJM6506 with 6.5 gU/cm3, focusing on microstructural obser-
vations and characterizations through optical microscopy and
scanning electron microscopy (SEM). Electron probe microanalysis
(EPMA) was also used to measure the elemental concentrations in
the IL and the UeMo kernel. A blistering threshold test and a
bending test were conducted on the other irradiated HAMP-1
miniplates. In this paper, the results of these nondestructive and
destructive tests are analyzed in-depth to understand the irradia-
tion behavior of UeMo fuel under the operating regime of the KJRR.

3. Results

3.1. Visual inspection

A visual examination of the HAMP-1 test plates showed that the
miniplates were irradiated without any defects or wear formed on

the surface, as shown in Fig. 4; plates also indicated no abnormal
swelling such as pillowing or blistering. Therewas no apparent sign
of pitting corrosion on the plate surfaces, whereas white-colored
oxides formed on the fuel meat region were observed, and can be
easily distinguished from the cladding zone. Plate KJM8033 (#8 in
Fig. 4) was bent slightly owing to an external force when it was
being separated from the capsule holder in the hot cell; therefore,
KJM8033 was chosen to be a standby reserve for PIE work.

3.2. Gamma spectroscopy

For the gamma spectrometric measurements of the HAMP
miniplates, an HP-Ge detector and collimator (square hole:
0.5 mm � 0.5 mm) were used. The counts for the Nd-95 peak and
the Zr-95 peak, and the total count, were recorded using a multi-
channel analyzer. Another collimator (slit: 0.08 mm � 40.0 mm)
was used to obtain a gamma scanning results (1D) through the
miniplate width (lateral) by rotating the plate. The counts for the
Nd-95 peak and the Zr-95 peak, and the total count, were recorded.
The Nd-95/Zr-95 ratio was fairly uniform. However, because there

Fig. 4. Visual inspection of the HAMP-1 plates. HAMP-1, HANARO miniplate irradiation test.

Fig. 5. Comparison of the results of irradiated KJM8031 plate (average FD ¼ 4.6 � 1021 fissions/cm3). (A) X-ray radiography. (B) Contour of plate thickness measurement. (C) Contour
of gamma spectroscopy. (D) Burnup analysis (as-run). FD, fission density.
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is no established reference system to convert the measured counts
to burnup, the gamma spectrometry was used only to determine
the meat size and the fuel location, as well as to provide a quali-
tative estimation of the burnup distribution on the irradiated
plates. Fig. 5 and Fig. 6 shows examples of the irradiated plates,
KJM8031 and KJM6506, inwhich the gamma spectrometry image is
presented and compared with the results of X-ray radiography,
contour plots of the plate thickness measurement, and an as-run
burnup analysis.

3.3. Plate thickness measurement

Using two-dimensional thickness measurement equipment
with an LVDT (linear variable differential transformer) and ECT
(eddy current probe tester), plate thickness and oxide thickness
measurements were performed on eight irradiated miniplates, as
shown in Fig. 7. Calibration work with three standard specimens
was performed when the test mode was changed from LVDT to ECT
and vice versa. The plate and oxide thicknesses were measured and
recorded with a scanning pitch of 2 mm along both the length and
width directions of each plate. The standard deviations during the
calibration were ~20 mm for plate thickness measurement and
~10 mm for oxide thickness measurement.

The representative results of the HAMP-1 plates, based on
nondestructive and destructive examinations of the dimensional
changes, are summarized in Table 2. Oneworthwhile item of note is
that the average as-fabricated plate thicknesses in the fuel zone
area (excluding the cladding only zone) of the six miniplates of
8.0 gU/cm3 and the two miniplates of 6.5 gU/cm3 are about
1.29 mm and about 1.255 mm, respectively. Among the irradiated
plates, the KJM8031 that exhibited the highest heat flux history
based on the as-run analysis showed the largest plate thickness
changes, i.e., 68 mm on average, and 147 mm in local maximum,
when compared with the as-fabricated plate thicknesses. The

measured thicknesses determined using the nondestructive PIE are
represented as a contour map in Figs. 5 and 6. Because the HAMP-1
plates were irradiated while nearly facing the core center, there
were small variations in the local burnup distribution, i.e.,
59e66 at.% U-235, in the fuel meat zone. The calculated peaks of
the fission density were located mostly at the fuel meat corner.

Although the results of nondestructive PIE show good corre-
spondence with the general as-run analysis, it is notable in Figs. 5
and 7 that the peaks of the plate thickness in the irradiated
HAMP-1 fuels appear to coincide more with the peak positions of
the gamma scan, rather than with the highest burnup positions
based on the as-run burnup calculation. In addition, considering
the X-ray radiography results, the peak position of the plate
thickness appears to be in good agreement with the highest fuel
loading zone in the fuel meat because a higher fuel loading leads to
a higher X-ray intensity, and the plate thickness increases.

3.4. Oxide thickness measurements

Corrosion behavior of the HAMP-1 miniplates was investigated
using nondestructive and destructivemeasurements. Oxide growth
on Al alloy cladding is a function of many variables, such as the
irradiation time, temperature, surface heat flux, pH, and flow rate of
the coolant [59]. The thickness of the Al oxide layer on the irradi-
ated fuel plate surface was measured using a nondestructive ECT
(eddy current test) method. Fig. 8 shows typical contour plots of the
oxide thicknesses from the KJM8031 and KJM6506 plates and their
corresponding visual images of the fuel plate surfaces. Therewas an
approximately 10 mm difference in the average oxide thickness
from one side to the other side owing to differences in the coolant
channel type, in which the Type 1 channel faced two heat surfaces;
by contrast, Type 2 faced a single heat surface while having the
same coolant flow channel gaps during irradiation. The overall
oxide distribution seems to have a correlation with the uranium

Fig. 6. Comparison of the results of irradiated KJM8031 plate (Ave. FD: 4.6 � 1021 f/cm3); (a) X-ray radiography, (b) contour of plate thickness measurement, (c) contour of gamma
spectroscopy, and (d) burn-up analysis (as-run). FD, fission density.
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distribution in the fuel meat. The measured oxide thickness in the
meat region of the KJM8031 plate was found to range from 31 mm
(type 2) to 41 mm (type 1) on average for both sides; by contrast, the
KJM6506 plate with 6.5 gU/cm3, owing to its slightly lowered po-
wer history, showed a smaller difference in oxide thickness on both
sides, i.e., 34 mm to 38 mm. The difference in oxide layer thickness
depending on the fuel meat position seems to be minimal owing to
the small fuel meat size. However, it should be further noted in
Fig. 8 that the oxide thicknesses were measured outside the fuel
meat zone. The peak values of 60e80 mm for the KJM6506
measured at locations at the upper outside or lower outside of the
fuel meat regions along the length direction of the fuel plate are
remarkably thicker than those in the fuel meat region.

Fig. 9 shows the microstructures of the oxide developed on the
irradiated HAMP-1 plate. The images were taken at (A) the peak
position of the oxide thickness, i.e., outside the fuel meat region, in
the KJM6506 plate, and (B) the meat center of KJM8031. In Fig. 9A,
oxide with an irregular thickness has formed on the cladding sur-
face; the maximum oxide thickness was measured and found to be
~46 mm. However, an oxide film with a rather thin and regular
thickness is visible in Fig. 9B, and it contains many cracks; the oxide
thickness here was measured and found to be 16 mm. It appears
from metallographic observation that the oxide thicknesses in the
meat region on the irradiated plates (KJM8031 and KJM6506) were
mostly within the range of 15e30 mm,which are slightly lower than
those obtained when using nondestructive measurement.

Fig. 7. Comparison of the results of irradiated KJM6506 plate (Ave. FD: 4.7�1021 f/cm3); (a) X-ray radiography, (b) contour of plate thickness measurement, (c) contour of gamma
spectroscopy, and (d) burn-up analysis (as-run).

Table 2
Summary of nondestructive and destructive examination results of the HAMP-1 plates.

Plate ID KJM8035 KJM6506 KJM8036 KJM8037 KJM8031 KJM6504 KJM8032 KJM8033 (bended)

Plate no. (PIE, hot cell) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8
Plate no. (as-run analysis) #7 #8 #6 #5 #3 #4 #2 #1
U loadings (gU/cm3) 8.0 6.5 8.0 8.0 8.0 6.5 8.0 8.0
Plate thickness (as-fabricated), ave. (mm) 1.287 1.259 1.290 1.293 1.284 1.249 1.295 1.291
Plate thickness (as-fabricated), max. (mm) 1.292 1.262 1.298 1.301 1.291 1.251 1.3 1.299
Plate thickness (after irr.), ave. by LVDT (mm) 1.342 1.302 1.336 1.334 1.353 1.316 1.317 1.357
Plate thickness (after irr.), max. by LVDT (mm) 1.448 1.374 1.4 1.408 1.431 1.375 1.409 1.44
Plate thickness change (Dt), ave. by LVDT (mm) 55 42 46 41 68 67 22 66
Plate thickness change (Dt), max. by LVDT (mm) 161 115 109 115 147 126 114 149
Plate thickness change (Dt), by DE (mm) 50e90 60e100
As-run plate thickness change (Dt), (mm) 78e110
Oxide thickness (surface 1), ave. by ECT (mm) 37 38 55 30 41 26 21 44
Oxide thickness (surface 2), ave. by ECT (mm) 43 34 46 36 31 25 27 50
Oxide thickness, ave. (max.) by DE (mm) 15e20 (30) 15e20 (48)
As-run plate average burnups (at.% U-235) 60.6 63.1 59.2 60.0 62.4 64.9 60.7 61.3

Blister test DEa Bending test Blister test DEa Blister test Bending test Standby reserve

BU, burnup; DE, destructive examination; ECT, eddy current test; EPMA, electron probe microanalysis; HAMP-1, HANARO miniplate irradiation test; LVDT, linear variable
differential transformer; PIE, post-irradiation examination.

a DE included the microstructural analysis with optical microscopy and EPMA, quantitative analysis by EPMA, and BU measurement by chemical analysis.
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According to a previous study [60], the oxide thicknesses in the fuel
zone of the irradiated U3Si2 miniplates weremeasured and found to
be 9e18 mm on average, and 28 mm at maximum; to obtain these
results, an irradiation rig with the same design was used and the
test fuel was irradiated for 110 EFPD. This implies that the oxide
thickness of 15e30 mm in the irradiated HAMP-1 fuel plates is in
good agreement with the results of the previous study.

The main cause for the presence of a thicker oxide outside the
fuel zone is still unclear. One possible reason may described as
follows. As can be seen in Figs. 1 and 2, irradiation fuel plates were
inserted into the slots inside the clusters (upper and lower), and
their axial movement was constrained by the upper and lower
stoppers. The upward coolant flow in the test fuel channel was

designed to be very high, at 13.2 m/s, when compared with the
much slower rate of 5.5 m/s in the driver fuel channel in HANARO.
The coolant velocity in the housing cap region, outside of the meat
region, was calculated and found to be 6 m/s, which is 2.2 times
lower than that in the fuel meat region. Therefore, the thick oxide in
the outside fuel meat region can be associatedwith reduced cooling
of the cladding via the abrupt slowdown of the coolant and changes
in the flow pattern that enhance oxide growth [59].

3.5. Sampling for destructive examination

A destructive examination plan was established for the irradi-
ated HAMP-1 plates, as shown in Fig. 10. In addition to irradiated

Fig. 8. Countour plots of the KJM8031 and KJM6506 oxide thicknesses and their corresponded visual inspections.

Fig. 9. Oxide morphologies formed on the cladding surface of irradiated HAMP-1 plates. (A) At outside fuel meat zone in the KJM6506. (B) At the meat center of the KJM8031.
HAMP-1, HANARO miniplate irradiation test.
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fuels used for blistering and flexural tests, twominiplates, KJM8031
(8.0 gU/cm3) and KJM6506 (6.5 gU/cm3), were selected for metal-
lography, EPMA, and chemical analysis for burnup determination
because these two samples exhibited the highest heat flux history
and/or highest local burnups based on an as-run analysis. As can be
seen in Fig. 10, two full-width cross-section samples for optical
metallography were prepared for each plate to investigate the
microstructural evolution at average burnups (6-M-1 and 8-M-2)
and local peak burnups (6-M-2 and 8-M-1), respectively. Three
specimens for each plate, with diameters of 3 mm, were punched
out to determine, through chemical analysis, the local burnup. A
total of four specimens with diameters of 1.8 mm, two from each
plate, were also prepared for EPMA observation.

3.6. Chemical burnup analysis

Chemical burnup analysis of the irradiated fuel samples was
carried out, and results were compared with the as-run physics
analysis results, in which the total burnup value in the atomic
fission fraction was calculated using the atomic ratios of U235 to
U238 in the pre- and postirradiated samples, respectively [61].

BU ¼ 1� FF� R5=8
Ro5=8

; (1)

where FF denotes U235 fissions/total fissions (95%), R5/8 is the atom
ratio of U235 to U238 in the postirradiated sample, and Ro5=8 is the
atom ratio of U235 to U238 in the preirradiated sample.

Table 3 compares the calculated and measured burnups of the
irradiated HAMP-1 fuels. The measured burnups of the irradiated
HAMP-1 fuel samples were within the range of 62e68 at.% U-235,
which shows good agreement with the as-run burnup analysis.

3.7. Microstructural observation

Figs.11 and12 provide composite opticalmicrographs taken from
transverse sections at mid-length and dog-bone area, with different
powers and burnups, of the KJM8031 and KJM6506, respectively.
Microstructural observations with various magnifications
(�100, �200, �400) were also obtained from five zones along the
width direction of each cross section. It is notable that the micro-
structure exhibits gross pores in the KJM8031 and seems to be quite
similar to that of the V6022M plate (Ue10Mo/Al) from the previous
test of RERTR (Reduced Enrichment for Research Reactors)-4 [7] or
R5R020 with a low Si (0.2%) from RERTR-6 [50]. Substantial IL for-
mation and simultaneous Al matrix reduction occurred. Pores
appeared to grow and link up to form larger pores mostly at the
periphery of the ILs. Some of the pore-like entities are in fact empty
spaces formed by the loss of UeMo particles during metallography;
some pores were formed during plate fabrication. The formation of
the gross pores and extensive IL was observed in the RERTR-4 and
RERTR-6 in UeMo/Al or UeMo/Alelow Si tested under irradiation
conditionsof highfission rate and/orhighfissiondensity. Bycontrast,
it is clear fromthemicrostructural observations in Figs.11 and12 that
the gross pores and the extensive IL formation resulted mainly from

Fig. 10. Sampling locations for metallographic observation and chemical analysis on two irradiated HAMP-1 plates. 1e6, chemical analysis for BU; AeD, EPMA. BU, burnup; EPMA,
electron probe microanalysis; HAMP-1, HANARO miniplate irradiation test; OM, optical metallography.

Table 3
Calculated and measured burnups of the irradiated HAMP-1 fuels.

Sampling
location
in Fig. 10

As-run
calculated
burnups
(U-235)

Measured
burnups
(U-235)

Fuel FD
(1021 fissions/cm3)

KJM6506
(6.5 gU/cm3)

1 0.654 0.634 4.7
2 0.600 0.641 4.8
3 0.666 0.660 4.9

KJM8031
(8.0 gU/cm3)

4 0.630 0.627 4.6
5 0.609 0.622 4.6
6 0.658 0.682 5.1

FD, fission density; HAMP-1, HANARO miniplate irradiation test.
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the local inhomogeneity of the UeMo particle distribution in the
Ue7Mo/Ale5Si fuel meat. Larger pores are observed mostly at re-
gions with agglomerated UeMo particles, in which local fuel load-
ings above 8 gU/cm3 produce a higher power density. Hence, higher
temperatures and fission rates can be said to cause pores and IL
growth. The addition of 5 wt.% Si to the Al matrix seems to be
effective at reducing IL growth (IL ~5 mm in Fig.11) at afission density
of ~5� 1021fissions/cm3. It ismore evident from themicrostructures
of 8-M-1 and 6-M-2 in Figs.11 and 12, regardless of the fuel loadings,
that the number and size of larger pores appear to increase in the
dog-bone area compared to the fuel meat center, owing to the
apparent higher local fuel loading. The irradiated microstructures in
the HAMP-1 fuel show, in general, a stable swelling behavior.

In addition to the microstructural observation, micro-
indentations on the irradiated UeMo fuel phase were applied ac-
cording to the standard for Vickers indentation for advanced
ceramics ASTM C1327 [62], in which a 100-g force was used with
the holding time at a maximum load of 10 s. A minimum of three
indentationswasmade at each of the different zones, as can be seen
in Fig. 12A. The Vickers microhardness was computed using the
following relation:

Hv ¼ 1:8544
�
P=d2

�
; (2)

where P is force (kgf) and d is the average length (mm) of the two
diagonals of the indentation.

Fig. 11. Fuel meat microstructures of the irradiated plate KJM8031 (8.0 gU/cm3).
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It was revealed that the Vickers microhardness of the irradiated
UeMo fuel from 8-M-2 was 275 ± 10 Hv.

As can be seen in Fig. 13, observations using a scanning electron
micrograph and its related X-ray Si maps in the pre-irradiated
HAMP-1 fuel reveal that ILs with relatively uniform thickness
(~1.5 mm) formed at the periphery of the UeMo particles. It is also
worth noting that all HAMP-1 fuel plates were hot-rolled from fuel
compacts with green densities of above 98% TD (theoretical den-
sity), which means that a good contact condition between fuel
particles and AleSi matrix was maintained even during the first
rolling stage of the fabrication, and therefore resulted in an IL with
uniform thickness. The other interesting feature that can be seen in
Fig.13B is that a considerable amount of Si diffused into the ILs from
the AleSi matrix, leaving an Si depletion zone near the fuel parti-
cles. The phase of IL, similar to that found in previous studies, was
measured, in a semiquantitative EDS (energy dispersive spec-
trometer) point-to-point composition analysis, and found to be
(U,Mo)(Al,Si)x (x ¼ ~3), containing ~16 at.% Si and ~56 at.% Al,

implying that stable ILs were formed during the preirradiation
stage [10].

Fig. 14A shows (A) SEM and (B) its related X-ray mapping (Si)
morphologies of the UeMo fuel particles (from the KJM8031) at
burnups of 5.1 � 1021 fissions/cm3. Line scans across the IL in the
irradiated UeMo particles, obtained using the EPMA method, were
applied to investigate the compositional changes, as shown in
Fig. 14C. Fission gas bubbles (FGBs) with a high population density
and an average size of ~0.1 mm are visible, mostly at small subgrains
(see Fig. 14A), showing a good agreement with the fuel micro-
structure as determined in the RERTR tests [43], in which a
considerable amount of grain subdivision had already proceeded
inward into the original grain.

The IL in the Ale5Si matrix sample did not grow much, ~3.5 mm
on average, during the HAMP-1 irradiation test. By contrast, ob-
servations by EPMA of the local X-ray maps of Si and the compo-
sitional variation across the IL reveal that some Si precipitates in the
irradiated ILs remain around the fuel particles, i.e., mostly in the ILs

Fig. 12. Fuel meat microstructures of the irradiated plate KJM6506 (6.5 gU/cm3).
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adjacent to the UeMo fuel side, not near the matrix. It also
appeared from the EPMA scan of each element across the IL that Si
accumulated in the ILs during the fabrication stage did not dis-
solved much in the further grown ILs to diffuse as burnup
increased. Nevertheless, this accumulated Si is evidently effective at
reducing IL growth.

3.8. Blister test

The blister anneal test has been widely applied as a destructive
characterization method in a variety of materials to detect defects,
nonuniform and excessive porosity, and the coalescence of gas
bubbles.When fabricating plate-type dispersion fuels for a research
reactor, a blister test is used to reveal the presence and the size of
defects. It is also used to detect gas entrapment during fabrication
and to assess bond integrity. According to NUREG-1313 [64], the
resistance of an irradiated fuel plate to blistering when it is
annealed to an elevated temperature has also been used as a
measure of fuel plate stability; for example, the higher the fission
density is in a fuel, the lower the blister threshold temperature
caused by gas bubble agglomeration will be.

Blister threshold temperature data were measured from three
irradiated HAMP-1 miniplates (two with U loadings of 8.0 gU/cm3

and one with 6.5 gU/cm3) by heating to successively higher tem-
peratures from 300�C. A plate sample was held in a furnace at the
test temperature for 30 min. The test plate was then removed from
the furnace and visually examined for blisters. If no blister was
observed, the fuel plate was re-placed in the furnace for testing at a

temperature 25�C higher than the previous temperature. This
process was repeated at 25�C increments until a blister was
observed. The temperature at which blistering was first observed
was recorded as the blister-threshold temperature.

As can be seen in Table 4, the blister threshold temperatures of
the irradiated HAMP-1 fuel plates were measured and found to be
in the range of 475e500�C at an average fuel meat fission density of
1.9 � 1021 to 2.2 � 1021 fissions/cm3 meat. As shown in Fig. 15, it
typically appeared that all blisters formed in the irradiated HAMP-1
plates were not correlated with the highest burnups; however, the
location of the blister spot seemed to coincidewith the highest local
fuel loading. When we compare these results with the previous
results on UeMo dispersion fuels [65], in which blister-threshold
temperatures of the RERTR-6 (R2R030,fission density
¼ 1.18� 1021) and RERTR-9B (R6R048, FD¼ 2.57� 1021) plateswere
found to be 525�C and 425�C, respectively, it appears that the
blistering temperatures of the HAMP-1 plate fuels are in good
agreement with the previous RERTR studies.

Fig. 14. (a) SEM image of UeMo particle irradiated up to a FD of 5.1 � 1021 f/cm3 from fuel plate KJM8031. (b) Local X-ray maps of Si. (c) EPMA scan of each element across IL in (a).
EPMA, electron probe microanalysis; FD, fission density; SEM, scanning electron microscopy.

Table 4
Measured blister-threshold temperatures of the irradiated HAMP-1 plates.

Plate ID U loading
(gU/cm3)

BU
(at.% U-235)

Plate average fuel meat
FD ( � 1021 fissions/cm3)

Blister-threshold
T (�C)

KJM8035 8.0 60.6 2.21 500
KJM8037 8.0 60.0 2.01 475
KJM6504 6.5 64.9 1.91 500

BU, burnup; FD, fission density; HAMP-1, HANARO miniplate irradiation test.

Fig. 13. Scanning electron micrograph (SEM) and related X-ray Si maps from the pre-irradiated HAMP-1 fuel. (A) SEM image. (B) Its related local X-ray Si maps. HAMP-1, HANARO
miniplate irradiation test.
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3.9. Bending test

A four-point bending test on the irradiated HAMP-1 plates was
carried out, from a safety point of view, to investigate the me-
chanical integrity of the irradiated fuel plate. Among the irradiated
HAMP-1 plates, two plates with 8 gU/cm3 (KJM8035 and KJM8036)
were selected for the bending test; the results were compared with
those of preirradiated fuel plates and Al-6061.

The specimen properties were calculated using the standard
formula provided by ASTM C1161 [66]; the flexural stress of the
specimens in four-point flexure is as follows:

S ¼ 3PL
4bd2

; (3)

where P is the break force, L is the dimension of support span, b is
the specimen width, and d is the specimen thickness.

The fixtures for the bending test were designed and fabricated
to satisfy various requirements of use in hot cell testing, and have a
nominal 2:1 load to support the span ratio. The loading and support
spans for the fixture are 25 mm and 50 mm, respectively. The
nominal bearings for the support of the miniplate and for the
application of the load have diameters of 5 mm. A bending test of

the irradiated plates was carried out with a constant crosshead
speed of 0.1 mm/min at room temperature.

Table 5 provides the values of the measured and calculated
properties, with other information, for each of the six specimens.
Fig. 16 shows the loadedisplacement curves determined from the
bending tests. The flexural strength was calculated using the
maximum load instead of the break load because specimen failure
did not occur for any of the specimens. The irradiated specimens,
when tested, exhibited a crack on the outer surface, as shown in
Fig. 17.

The preirradiatedminiplate shows a loadedisplacement trend, a
typical ductile behavior, similar to that of the Al-6061 plate, in
which the flexural strength of the preirradiated fuel decreased
slightly. However, beyond FD > ~4 � 1021 fissions/cm3, the HAMP-1
miniplate suffered an irradiation-induced embrittlement exhibit-
ing a brittle fracture mode; however, there was a slightly increased
flexural strength (less than 10%) of the irradiated plate.

4. Estimation of UeMo fuel swelling

4.1. Swelling evaluation based on plate thickness measurement

Themost typical method of estimating the fuel swelling in plate-
type dispersion fuel is tomeasure the change inplate thickness prior

Fig. 15. Morphology of the blistered KJM8035 plate (FD ¼ 4.5 � 1021 f/cm3): (a) front, (b) back, (c) contour of the plate thickness measurement, (d) contour of gamma scanning, and
(e) X-ray image. FD, fission density.

Table 5
Specimen information and material properties for flexural strength.

ID Material U loading
(gU/cm3)

Plate
width (mm)

Plate
thickness (mm)

Max.
load (N)

Flexural
strength (MPa)

Plate average
FD (1021 fissions/cm3)

Al-1 Al6061 35.0 1.271 491.8 326.4
Al-2 35.0 1.257 478.0 324.3
KJM8067 Preirradiated 8.0 35.0 1.265 518.1 347.3
KJM8068 8.0 35.0 1.265 515.6 345.7
KJM8032 Irradiated 8.0 35.0 1.326 607.6 370.2 4.5
KJM8036 8.0 35.0 1.324 602.2 368.1 4.4

FD, fission density.
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to and after irradiation. In this study, the fuel swellingwas evaluated
using composite optical micrographs (8-M-2 and 6-M-1) of the
irradiated HAMP-1 test plates. Using micrographs, the thicknesses
of the plateswithout an oxide layer (tp) and the oxide layers on both
sides of the cladding (Oup from the upper surface and Olow from the
lower surface) were measured at 50-mm intervals across the plate
width. Then, the plate thicknesses at all positionswere corrected for
swelling estimation. Because the cladding thickness does not
change during irradiation, the increase in fuel plate thickness must
be caused by fuel meat swelling. The change in plate thickness was
converted to fuel swelling using the following expressions:

Dt ¼
�
tp þ Oup þ Olow

1:975

	
� t0 : plate thickness change (4)

�
DV
V

	
m

¼
�
Dt
t0

	�
t0
tm;0

	
: meat swelling ðIÞ (5)

Sf ¼
�
DV
V

	
m

 
1
Vf

!
: fuel swelling; (6)

where tp is the measured postirradiation plate thickness without
oxide, Oup and Olow are the measured oxide thicknesses at the
cladding, t0 is the as-fabricated plate thickness, tm,0 is the as-
fabricated meat thickness, and Vf is the volume fraction of UeMo
in the fuel meat.

Fig. 18 shows the changes in the oxide-corrected plate thick-
nesses across the plate width for samples 8-M-2 and 6-M-1. It
should be noted that there appear to be peaks of plate thickness at
both meat edges across the plate width, irrespective of the fuel
loading, which are attributed to the irradiation creep and mass
relocation in the plate type fuel meat. Therefore, plate thickness
data only at the fuel meat center region (i.e., for the width di-
mensions of 7e19 mm in Fig. 18) were calculated to avoid the edge

effect; the calculated results are summarized in Table 6. The as-
fabricated meat thickness (tm,o) is given as a nominal value
(0.51 mm) because the boundaries between the meat and cladding
are always uneven, and it is difficult to measure tm,0.

The meat swellings of the two samples were calculated and
found to be 11.7% for the fuel with 8 gU/cm3 and 9.1% for the fuel
with 6.5 gU/cm3. It is also noticeable in Table 6 that the 6-M-1
sample with 6.5 gU/cm3 exhibits a fuel swelling (Sf ¼ 22.8%)
behavior almost identical to that of the fuel with 8 gU/cm3 (8-M-2),
although the fuel swelling is known to be a function of the fission
density [43]. However, when compared with previous studies, the
calculations of UeMo fuel swelling based on the plate thickness
measurement in Table 6 were revealed to be in good agreement
with the fuel swelling performance data of the E-Future and SE-
LENIUM fuel plates [54].

4.2. Swelling evaluation by meat thickness measurement

It is certain that if we know the dimensional changes of the fuel
meat thicknesses as burnup increases, the meat (or fuel) swelling of
theplate canbeestimatedmoreaccurately than ispossiblewhenusing
the method of plate thickness measurement, because other un-
certainties such as the cladding thickness as well as the oxide growth
on the plate can be removed during the swelling estimation. The fuel
meat swelling can then be estimated using a simplified formula:

�
DV
V

	
m

¼
�

tm
tm;0

	
: meat swelling ðIIÞ; (7)

where tm is the postirradiated meat thickness. Whereas tm can be
measured from the cross section images, as shown in Figs. 11 and
12, it is impossible in practice to cut and measure the as-

Fig. 16. Loadedisplacement curves from four-point bending tests. PIE, post-irradiation
examination.

Fig. 17. Crack surfaces of the HAMP-1 test plates after bending test.

Fig. 18. Corrected plate thickness changes at cross sections, 8-M-2 and 6-M-1,
respectively.
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fabricated meat thicknesses (tm,o) at the same position prior to the
irradiation test. Instead of using the nominal meat thickness
(0.51 mm), we measured tm,o from the archive plates (i.e., KJM8025
and KJM6505) at 50-mm intervals across the plate width; results
were comparedwith tm, inwhich the archive plates were fabricated
in the same batch as the irradiated HAMP-1 fuels under the same
fabrication conditions. Fig. 19 presents comparisons of the fuel
meat thicknesses measured between the as-irradiated and archive
HAMP-1 plates. It is noticeable that, although the datameasured for
the same plate width location in Fig. 19 cannot be compared
directly, the comparison of the average meat thicknesses between
the two different samples can be meaningful if it is assumed that

the plates were fabricated with the same uncertainties of the var-
iables. In the case of the fuel with 8 gU/cm3, there appear to be quite
irregular meat thicknesses across the plate width on both the as-
irradiated plate (Fig. 19A) and the archive fuel (also shown in
Fig. 20A); this irregularity demonstrates a typical microstructural
behavior in dispersion fuel and is mostly attributable to local
segregation of the fuel particles. However, the fuel with 6.5 gU/cm3

(Fig. 19B) reveals a slight difference in the meat thicknesses be-
tween the as-fabricated and as-irradiated fuels. The results of the
swelling evaluation acccording to the meat thickness measurement
are listed in Table 7. It is of interest to note that the evaluation of the
meat swelling, performed by comparing the meat thicknesses from

Table 6
Swelling calculation by plate thickness measurement.

Fission density
(1021 fissions/cm3)

Ave. plate thickness
change (Dt/t0)

Fuel meat
swelling (DV/V)m

Fuel
swelling (Sf)

8-M-2 (8 gU/cm3) 4.6 4.7% 11.7 ± 0.7% 23.9 ± 1.5%
6-M-1 (6.5 gU/cm3) 4.8 3.7% 9.1 ± 0.5% 22.8 ± 1.5%

Fig. 19. Comparison of measured meat thicknesses between the as-irradiated and archive HAMP-1 plates. (A) 8 gU/cm3. (B) 6.5 gU/cm3.

Fig. 20. Composite optical micrographs of archive (preirradiated) HAMP-1 plates. (A) 8 gU/cm3. (B) 6.5 gU/cm3. HAMP-1, HANARO miniplate irradiation test.

Table 7
Swelling calculation by meat thickness measurement.

Average meat
thickness

Meat swelling
(DV/V)m

Fuel
swelling (Sf)

8.0 gU/cm3 KJM8031 as-irradiateda 590.0 mm (tm)
KJM8025 archiveb 517.4 mm (tm,o) 14.0% 28.6%
Nominal (spec.) 510 mm (tm,o) 15.7% 32.1%
Minemax (spec.) 480 to 540 mm (tm,o) 9.3% to 22.9% 18.9% to 46.9%

6.5 gU/cm3 KJM6506 as-irradiateda 527.6 mm (tm)
KJM6505 archiveb 522.8 mm (tm,o) 0.9% 2.3%
nominal (spec.) 510 mm (tm,o) 3.5% 8.7%
Minemax (spec.) 480 to 540 mm (tm,o) e2.3% to 9.9% e5.8% to 25.0%

a Averaged from plate width dimensions of 7 mm to 19 mm to avoid side effects.
b Averaged from the whole plate width dimensions.
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two different samples, revealed quite different results. The fuel
with 8.0 gU/cm3 exhibited a meat swelling of 14.0%, which is
similar to the estimation obtained by plate thickness measurement.
However, the fuel plate with 6.5 gU/cm3 resulted apparently in 0.9%
smaller meat swelling, which seems to be much lower than the
swelling estimation found in the data presented in Table 6. Ac-
cording to the specifications of the HAMP-1 miniplate, the meat
thickness has an allowance range of 510± 30 mm; this can produce a
large amount of uncertainty, as shown in Table 7. This implies that
the estimation of the meat swelling of the irradiated fuel, per-
formed by comparing with the meat thickness of the archive fuel
plate, is an inadequate approach because uncertainty in the
swelling estimation still exists in the as-fabricated meat thickness.

5. Discussion

5.1. Effects of FGBs and recrystallization on fuel swelling

It is well known that intrinsic swelling in UeMo fuel is attrib-
utable to accumulations of both solid and gaseous fission products.

The observed swelling is most likely dictated by the solid state
swelling due to fission product accumulation at low burnup and
enhanced by the onset of recrystallization at higher burnup [43,54].
Grain refinement or recrystallization in g UeMo fuel starts to
proceed as the burnup increases further, and more grain bound-
aries then become available, in which intergranular FGBs nucleate
and grow on the existing grain boundaries [43]. FGB swelling is
accelerated during the recrystallization process and therefore is
closely dependent on recrystallization kinetics, which is a function
of the fission density.

According to Kim et al. [63], the swelling kinetics of Ue7Mo fuel
particles can be expressed by an empirical correlation of fission
density as follows:

�
DV
Vo

	
f
¼ 0:05FD; for FD � 2:0� 1021 fissions=cm3 (8)

�
DV
Vo

	
f
¼ 0:1þ 0:067ðFD� 2:0Þ þ 0:0058ðFD� 2:0Þ2; for 2:0

� 1021fissions=cm3 < FD;

(9)

where the fuel swelling is expressed as a fraction and FD is the
fission density in 1021 fissions/cm3 fuel. Although it was developed
based on monolithic Ue10Mo fuel, we assumed that Kim's corre-
lation is also applicable for Ue7Mo fuel. At a fission density of
2.0 � 1021 fissions/cm3, fuel swelling exhibits a higher rate because
of the enhanced FGB formation and growth.

Fuel swelling by FGB can be well estimated by measuring the
fraction of bubble area in SEM images because “SEM-visible” bub-
bles appear mostly on grain boundaries, in which the population of

Table 8
Porosity and volume fraction of recrystallized fuel from irradiated UeMo fuel
particles.

Sampling
in Fig. 10

FD (1021

fissions/cm3)
Average
bubble
size (mm)

Porosity (%) Fraction of
recrystallized
fuel (%)

KJM6506 (a) 4.76 0.086 8.2 ± 1.3 83 ± 10
KJM6506 (b) 4.90 0.112 10.9 ± 1.0
KJM8031 (c) 4.59 0.098 9.3 ± 2.0 76 ± 5
KJM8031 (d) 5.08 0.109 13.6 ± 1.0

FD, fission density.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

0

5

10

15

20

25

30

35

Po
ro

si
ty

 (%
)

Fission density (×1021 issions/cm3)

IRIS-1 (U-7Mo dispersion) [67]
IRIS-3 (U-7Mo dispersion) [68]
RERTR tests (U-10Mo dispersion) [43]
RIAR (U-9Mo dispersion) [69]
RERTR-12 (U-10Mo monolithic)a

AFIP-6 (U-10Mo monolithic)b

EFUTURE & SELENIUM (U-7Mo dispersion) [68]
HAMP-1

Fig. 21. Measured porosity from various test versus fission density. aThe data were measured independently at ANL based on the micrographs in the report of Rice et al. [70]. bThe
data was measured independently at ANL based on the micrographs in the report of Williams et al. [71].
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FGB increases and additional bubbles progressively appear in newly
formed grain boundaries with burnup as recrystallization proceeds
further [43]. The porosity and volume fraction of the recrystallized
fuel on the irradiated HAMP-1 plates weremeasured in SEM images
using a point counting analysis method. The results are listed in
Table 8 and are compared with previous studies in Figs. 21 and 22
[67e69,72,73]. The porosity and fraction of recrystallized fuel
measured in this study are in good agreement with those in pre-
vious works, especially those using the SELENIUM and E-future
fuels [54], as well as those using RERTR fuels [63], implying that the
HAMP-1 experiment exhibited a sound and predictable irradiation
swelling behavior up to a fission density of ~5.0� 1021 fissions/cm3.

5.2. Effect of IL formation on fuel swelling

As can be seen in Figs. 11 and 12, under the HAMP-1 irradiation
condition, extensive IL with gross porosity formed in the Ue7Mo
dispersion fuel evenwith the Si-modifiedmatrix (i.e., Ale5 wt.% Si),
mostly at the region of a high UeMo particle population. As UeMo
dispersion fuel is irradiated, the volume of UeMo fuel particles
increases owing to fission-induced swelling; volume simulta-
neously decreases owing to the reaction between the UeMo fuel
particles and the Al matrix. In Fig. 23, the fractions of UeMo fuel, IL,
matrix, and pores in the irradiated HAMP-1 fuels, as measured in
optical images using a point countingmethod, are plotted along the
cross section of the fuel meat. The IL in both plates show a similar
volume fraction of ~20%; the fuel volume fractions (~50%) exhibit a
trend similar to that of IL, which can be explained by the
compensation of the fuel particle swelling with the consumption of
fuel volume by IL formation. However, because of higher fuel

loading, the fuel with 8 gU/cm3 showed a lower remaining matrix
and higher porosity (~5.6% in average) than the fuel with 6.5 gU/
cm3 (porosity, ~0.1%). In addition to the formation of IL, (U,Mo)Alx, is
normally amorphous under irradiation [6,7]; this amorphous na-
ture is the primary cause of the excessive swelling in UeMo
dispersion fuel. Consumption in the UeMo and Al matrix can also
produce an inaccurate estimation of fuel meat swelling. A thicker IL
may contribute to an overestimation of the fuel swelling [63], but
the IL thicknessmeasured in this study is within the range of ~5 mm,
similar to previous measurements in the RERTR tests for UeMo/
AleSi dispersion fuel. Kim et al. [63] established a model to predict
the meat swelling of UeMo/Al dispersion fuel using submodels of
UeMo particle fuel swelling, IL growth, and consumption in the
UeMo and Al by IL growth. However, it is likely that the higher
porosity in the irradiated HAMP-1 fuel with 8 gU/cm3 than that
with 6.5 gU/cm3 can lead themodel calculation for meat swelling to
be more complex, which means that it will require further study to
update the model.

One possible cause for the discrepancy in meat swelling esti-
mation can be associated with the uncertainty in the fuel meat
thickness in the plate-type dispersion fuel. It is very difficult, or even
impossible, to exactlymeasure themeat thickness of a preirradiated
fuel plate, although there are several methods to estimate the
thickness indirectly bynondestructive tests such as the eddycurrent
test, ultrasonic test, and local homogeneity using X-rays. The effect
of the uncertainty in the meat thickness on the fuel swelling is well
described in Table 7. The meat thicknesses from the archive plates
weremeasured and found to be 517.4 mm for the fuel with 8 gU/cm3

and 522.8 mm for fuel with 6.5 gU/cm3, which is slightly thicker than
the nominal value but still within the specifications of 510 ± 30 mm,
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and which values tend to decrease the meat swelling. It is also
noticeable in Table 7 that the estimated value of the as-fabricated
meat thickness (tm,o) within the margin of the specifications can
produce a large variation in the fuel swelling, i.e., resulting in a
meaningless swelling evaluation. Thismeans that the uncertainty of
the as-fabricatedmeat thickness in the irradiated fuel is common in
plate-typedispersion fuelsbecause the local homogeneityof the fuel
particles varies within the specifications in the entire meat region.

5.3. HAMP-1 fuel swelling

The failure of the UeMo/Al dispersion fuel is known to be the
result of large fission gas pore formation in the IL between the
UeMo fuel particles and the matrix Al. The IL formation is related
with the interdiffusion between the UeMo particles and the Al
matrix, in which the diffusion reaction is temperature dependent.
In addition, the diffusion of fission gas appears to depend on the
fission rate. The burnup at which the formation of large FGBs
(pores) first occur is taken as the failure threshold. This is the first

indication before breakaway swelling (blistering) takes place, and it
eventually leads to fuel failure.

Hofman and Kim [74], by examining all available irradiation
data, first established the concept of a failure criterion for UeMo
dispersion fuel based on burnup and fission rate. By adding a small
amount of Si (2e6 wt.%) to the Al matrix, there is a significant
improvement in the fuel performance because the failure threshold
for the onset of breakaway swelling moves in a directed fashion to a
higher fission rate as well as to a higher burnup. In this study, the
failure threshold of the UeMo dispersion fuel, as determined by
Hofman and Kim, has been updated by adding several irradiation
results including the HAMP-1 test, as shown in Fig. 24 [75,76].
Because the HAMP-1 fuel exhibited gross pore formation after
irradiation to a burnup of ~60% or to a fission density of ~5 � 1021

fissions/cm3 under a life-averaged fission rate of ~5.2 � 1014 fis-
sions/cm3 s, the performance of the HAMP-1 fuel appeared to be
located near the critical boundary of the failure threshold, as can be
seen in Fig. 24. However, the HAMP-1 fuel swelling, based on the
plate thickness measurement, was shown to be in good agreement
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with the previous data of the E-Future and SELENIUM fuel plates,
implying that the in-pile performance of HAMP-1 is sufficiently safe
and exactly predictable.

6. Conclusion

A postirradiation analysis of plate-type Ue7Mo/Ale5Si disper-
sion fuel from the HAMP-1 miniplates was performed in depth to
verify the safe in-pile performance behavior of UeMo fuel under
the operating regime of the KJRR. The HAMP-1 test plates were
irradiated with no abnormal swelling, such as pillowing or blis-
tering, to a burnup of 60% or to a fission density of ~5� 1021 fissions/
cm3. Microstructural observations of the irradiated HAMP-1 fuel
showed that the gross porosity, followed by extensive IL formation,
resultedmainly from the local inhomogeneity of the UeMo particle
distribution in the fuel meat. Larger pores were observed mostly in
regions that saw the coalescence of UeMo particles, in which local
fuel loadings of greater than 8 gU/cm3 led to higher power density,
which pushed the local temperature and fission rate higher than
the nominal values. The addition of 5 wt.% Si to the Al matrix seems
to be effective at reducing IL growth. Using the plate thicknesses
measured at 50-mm intervals across the plate width, the meat
swellings of the HAMP-1 plates were estimated. The meat swelling
results were 11.7% for the fuel with 8 gU/cm3 and 9.1% for that with
6.5 gU/cm3, which can be seen to be consistent with the fuel
swelling performance data reported for higher power tests such as
the E-Future and SELENIUM tests. In addition, the porosity and the
fraction of recrystallized fuel measured in this study are in good
agreement with results obtained in previous works. Although the
irradiation conditions of the HAMP-1 fuel were at the boundary of
the failure threshold available in the literature, the HAMP-1 fuel
showed very low and predictable fuel swelling, consistent with
values of well-performing fuels reported in the literature. There-
fore, the HAMP-1 results are considered to have demonstrated that
the fuel fabrication at KAERIwas appropriate for KJRR fuel, although
the ultimate determinant will be the LTA irradiation at the ATR.
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