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a b s t r a c t

High-density spent fuel (SF) storage racks have been installed to increase SF pool capacity. In these SF
racks, neutron absorber materials were placed between fuel assemblies allowing the storage of fuel
assemblies in close proximity to one another. The purpose of the neutron absorber materials is to pre-
clude neutronic coupling between adjacent fuel assemblies and to maintain the fuel in a subcritical
storage condition. METAMIC neutron absorber has been used in high-density storage racks. But, neutron
absorber materials can be subject to severe conditions including long-term exposure to gamma radiation
and neutron radiation. Recently, some of them have experienced degradation, such as white spots on the
surface. Under these conditions, the material must continue to serve its intended function of absorbing
neutrons. For the first time in Korea, this article uses a neutron attenuation test to examine the per-
formance of METAMIC surveillance coupons. Also, scanning electron microscope analysis was carried out
to verify the white spots that were detected on the surface of METAMIC. In the neutron attenuation test,
there was no significant sign of boron loss in most of the METAMIC coupons, but the coupon with white
spots had relatively less B-10 content than the others. In the scanning electron microscope analysis,
corrosion material was detected in all METAMIC coupons. Especially, it was confirmed that the coupon
with white spots contains much more corrosion material than the others.
© 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

Korea Hydro & Nuclear Power Co., Ltd (KHNP) is the nation's
largest electric power company, generating approximately 31.5% of
the total electric power produced in South Korea. It operates 25
nuclear power and hydroelectric plants. KHNP recently performed
a test to verify the performance of neutron absorber materials in
spent fuel (SF) pool racks. Neutron absorber materials were placed
between fuel assemblies to allow the storage of fuel assemblies in
close proximity to one another. The purpose of neutron absorber
materials is to preclude neutronic coupling between adjacent fuel
assemblies and to maintain the fuel in a subcritical storage condi-
tion. Various neutron absorber materials have been used in SF pools
to increase the storage capacity of SF. METAMIC is one of the
commonly used neutron poison materials and boron carbide-
ealuminum composite materials for reactivity control in SF storage
racks. According to KHNP procedures, coupon surveillance tests,

such as visual inspection dimensional measurement and mea-
surements of dry weight and density except for B-10 area density,
have been performed about 10 times during the past 50 years.
Recently, degradation, such as white spots, was detected on the
surface of METAMIC surveillance coupons. Under these conditions,
the material must continue to serve its intended function of
absorbing neutrons. This article examines the performance of
METAMIC surveillance coupons through neutron attenuation test,
conducted for the first time in Korea. Also, scanning electron mi-
croscope (SEM) analysis was performed to verify the white spots
that were detected on the surface.

2. Test method

2.1. METAMIC surveillance coupon

METAMIC is a material that has been used for criticality control
in SF storage racks as well as storage and transportation casks for
nuclear fuel. In these applications, it is typically used in plate form
with approximate dimensions of 5e8 inches width, 12 feet length,
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and up to 0.125 inches thickness. A plate of METAMIC is generally
sealed within the rack structure and cannot readily be subjected to
in-service inspection. So, when new fuel storage racks are installed,
a series of surveillance coupons of the neutron absorber material
are placed in the racks. The coupons are housed in a specially
designed assembly and placed in a storage cell surrounded by
recently discharged SF assemblies. Periodically, one or two coupons
are removed from the assembly and sent to a laboratory for testing
and inspection [1e3].

METAMIC is an aluminumeboron carbide composite produced
via a powder metallurgy process. The feed materials for METAMIC
are boron carbide and AA 6061 powder. The boron carbide (B4C)
particulate is fine and classified using the Federation of European
Products of Abrasive (FEPA) method, which assures a tighter dis-
tribution of particle sizes. The AA 6061 powder particle size is also
carefully controlled to obtain a homogeneous finished product.
METAMIC generally consists of boron carbide loading over the
range of 15e40 vol. % [4].

Five METAMIC surveillance coupons were harvested from a
KHNP unit to verify the performance of the neutron absorber ma-
terials. A lot of white spots were detected on the surface of the two
coupons. So, neutron attenuation test and SEM analysis were per-
formed. SEM analysis is generally used to verify the ingredients of
the white spots. Fig. 1 shows METAMIC surveillance coupons that
were removed from the SF pool. For reference, all of themwere set
in 2008 [5].

2.2. Neutron attenuation test

The neutron attenuation test is designed to identify the B-10
area density in the neutron absorber. The neutron attenuation
test facility used in this research generates about 60 neutrons,
less than 0.6 eV per second, and irradiates neutrons on the sur-
face of a neutron absorber for 20 min per coupon. Neutron
attenuation tests were performed for all of the METAMIC sur-
veillance coupons.

2.2.1. Test facility
Fig. 2 shows the neutron attenuation test facility. It consists of a

graphite layer, an SP9-He3 detector, and a neutron source. The
graphite layer moderates fast neutrons and generates thermal and

epithermal neutrons; the SP9-He3 detector measures thermal and
epithermal neutrons. The neutron source is Am241-Be (a,n). Neu-
trons that are generated in the test facility are thermal and epi-
thermal neutrons. So, neutrons are measured before the Cd filter to
exclude epithermal neutrons over 0.6 eV from total neutrons. Fig. 3
shows the neutron spectrum with a MaxwelleBoltzmann distri-
bution that is irradiated on the surface of coupons.

2.2.2. Test procedure
The neutron attenuation test is generally performed at five lo-

cations on the surveillance coupon, as shown in Fig. 4. With this
approach, a neutron beam is transmitted through a METAMIC
surveillance coupon. The measured B-10 area density is compared
to the preirradiation B-10 area density to verify the performance of
the neutron absorber. The procedure of the neutron attenuation
test is shown below.

(a) The SP9-He3 detector is set within the thermal and epi-
thermal neutron field and shielded by the Cd cover (thick-
ness: 0.0236 inch). Then, the detector measures the count
rate, which is defined as Re. Re is the count rate of neutrons
over 0.6 eV.

(b) The count rate measured after removing the Cd cover is
defined as Rt. Rt is the total count rate.

(c) The difference between Rt and Re is the count rate of neu-
trons less than 0.6 eV, defined as Rth. Rth ¼ RteRe

(d) The surveillance coupon is set in the test facility, and the
count rate (St) is measured without a Cd cover.

(e) The count rate (Se) is measured with Cd cover in place. Se is
defined as the count rate of neutrons over 0.6 eV penetrating
the surveillance coupon.

(f) The difference of St and Se is the count rate of neutrons less
than 0.6 eV penetrating the surveillance coupon. It is defined
as Sth. (Sth ¼ SteSe)

(g) The transmission rate of a surveillance coupon is defined as P.
(P ¼ Sth/Rth ¼ (SteSe)/(RteRe). About an average of 60
neutrons per second were irradiated for 20 min. As can be
seen in Table 1, the uncertainty of the transmission rate is
±0.0035%. Uncertainty is defined as the root mean square
error of the transmission rate for all of the tests.

Fig. 1. METAMIC surveillance coupons. (A) Coupons without white spots. (B) Coupons with white spots.
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(h) Convert the transmission rate into a B-10 area density by
MCNPX, Ver. 2.7.0 code [6].

2.3. SEM analysis

A SEM is a type of electronmicroscope that produces images of a
sample by scanning the surface with a focused beam of electrons.
The electrons interact with atoms in the sample, producing various
signals that contain information about the surface topography of
the sample and composition. In this study, SEM equipment was
used to analyze the composition of thewhite spots on the surface of
the METAMIC surveillance coupons. Fig. 5 shows the SEM equip-
ment used to analyze the composition of white spots.

3. Test results

3.1. Performance of METAMIC surveillance coupon

The objective of this study is to verify the performance of
METAMIC surveillance coupons. The neutron attenuation test was
performed to measure B-10 area density at five locations on all of

the surveillance coupons. With this approach, a neutron beam less
than 0.6 eV is transmitted through the METAMIC surveillance
coupons. Measured B-10 area density (postirradiation) is compared
to the initial condition (preirradiation). The preirradiation condi-
tion means the manufactured condition.

Table 1 gives the measured B-10 area density and preirradiation
condition of the METAMIC surveillance coupons. As a result, cou-
pons without white spots, such as HU3C10, HU3C11, and HU4C10,
as well as the HU4C11 coupon with low-level white spots showed
no significant sign of boron loss. Boron levels were even higher
than in the preirradiation condition. However, the HU3C13 coupon
with high-level white spots has less B-10 area density than the
preirradiation condition. About 1.2 % boron loss occurred in the
HU3C13 coupon. For reference, the limit of boron loss in the KHNP
procedure is 5% [7].

3.2. Composition of white spots on the surface of METAMIC
surveillance coupon

SEM analysis was performed to verify the composition of the
white spots on the surface of METAMIC surveillance coupon. SEM
scans a sample with a focused electron beam and delivers images
with information about the samples' topography and composition.
Fig. 6 shows surface micrographs of the METAMIC surveillance

Fig. 2. Neutron attenuation test facility.

Fig. 3. Neutron spectrum. Fig. 4. Test location (center, b1, b2, b3, b4).
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Table 1
B-10 area density of METAMIC surveillance coupons.

Coupons Location P (%) ± error (%) B-10 (g/cm2) Preirradiation (g/cm2) Relative difference

Postirradiation

center 0.28 ± 0.0034 0.03708 0.03393 þ2.3%
b1 0.42 ± 0.0035 0.03388
b2 0.37 ± 0.0034 0.03490
b3 0.41 ± 0.0035 0.03408
b4 0.40 ± 0.0035 0.03429
average 0.38 ± 0.0035 0.03470 ± 0.00006

center 0.33 ± 0.0034 0.03572 0.03332 þ2.3%
b1 0.40 ± 0.0035 0.03429
b2 0.45 ± 0.0034 0.03338
b3 0.43 ± 0.0035 0.03368
b4 0.43 ± 0.0036 0.03368
average 0.41 ± 0.00348 0.03408 ± 0.00006

center 0.45 ± 0.0034 0.03353 0.03300 -1.2%
b1 0.50 ± 0.0036 0.03295
b2 0.52 ± 0.0035 0.03258
b3 0.54 ± 0.0035 0.03222
b4 0.52 ± 0.0035 0.03175
average 0.51 ± 0.0035 0.03260 ± 0.00006

center 0.31 ± 0.0034 0.03623 0.03297 þ5.9%
b1 0.48 ± 0.0036 0.03295
b2 0.33 ± 0.0034 0.03572
b3 0.37 ± 0.0036 0.03490
b4 0.34 ± 0.0035 0.03551
average 0.37 ± 0.00352 0.03490 ± 0.00007

center 0.31 ± 0.0034 0.03623 0.03145 þ8.4%
b1 0.43 ± 0.0035 0.03368
b2 0.46 ± 0.0034 0.03324
b3 0.43 ± 0.0035 0.03368
b4 0.42 ± 0.0036 0.03388
average 0.41 ± 0.00348 0.03408 ± 0.00006
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coupons. Sample coupons HU3C13 and HU4C11 include white
spots. Fig. 7 shows the surface composition of the METAMIC sur-
veillance coupons. Basically, the METAMIC coupons are composed
of boron, carbon, and aluminum. From the results of SEM analysis,
corrosionmaterial containing oxygen is found to be included on the
surface of all of the METAMIC surveillance coupons. Especially, the
HU3C13 coupon, with high levels of white spots, includes much
higher oxygen content than the other coupons. Thus, it can be
concluded that corrosion is progressing in the METAMIC neutron
absorber.

4. Conclusion

The neutron absorber METAMIC is the main material for criti-
cality control in SF pools. KHNP has harvested five METAMIC sur-
veillance coupons to verify the performance of METAMIC from the

KHNP SF pool. Three coupons were clear, but the others contained
white spots on their surfaces. Thus, for the first time in Korea, a
neutron attenuation test and SEM analysis were performed.

B-10 area density was measured through the neutron attenua-
tion test to verify the performance of the METAMIC surveillance
coupons. As the result of the neutron attenuation test, it was
confirmed that the coupons without white spots, e.g. HU3C10,
HU3C11, and HU4C10, as well as the HU4C11 coupon, with low level
white spots, experienced no significant sign of boron loss. Boron
levels were even higher than preirradiation condition. However,
the HU3C13 coupon, with high-level white spots, exhibited a
reduced B-10 area density (�1.2%: relative difference) compared to
the preirradiation condition. The results are shown in Table 1.
Relative difference is defined as the rate of postirradiation over
preirradiation.

SEM analysis was performed to verify the composition of the
white spots on the surface of the METAMIC surveillance coupons.
Basically, METAMIC material is composed of boron, carbon, and
aluminum. As for the results of the SEM analysis, corrosionmaterial
containing oxygen was conformed on the surfaces of all of the
METAMIC surveillance coupons. Thus, the HU3C13 coupon, with
high levels of white spots, contained much higher oxygen content
than the others. Thus, corrosion is progressing in the METAMIC
neutron absorber.

The degradation of METAMIC coupons was confirmed as evi-
dence showing boron loss or surface corrosion, even though the B-
10 area density of the coupons was less than the -5% limit. There-
fore, surveillance coupons should bemonitored every cycle because
the surface corrosion can accelerate under wet conditions (e.g. in
the SF pool). According to KHNP procedures, coupon surveillance
tests have been carried out about 10 times over the past 50 years.
KHNP has a plan to revise the KHNP procedure for inspection

Fig. 5. Scanning electron microscope equipment.

Fig. 6. Surface micrographs of METAMIC coupons.
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period, including the neutron attenuation test. Further, KHNP is
proceeding with a project to verify the root cause of white spots, to
prevent further corrosion.
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