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1. Introduction

hshim@kaeri.re.kr

atomic layer deposition (ALD) technique. Crud
deposition tests were performed to quantify thatie

As pressurized water reactors (PWRs) have beencrud mass under a sub-cooled nucleate flow boiling

recently driven to power uprate, lifetime extensan
higher burnup for enhancing economics of power
generation, some reactors have experienced aras&re
of deposits on the fuel assemblies [1,2]. Thesesiep
are called as ‘crud’ and arise from corrosion patsiu
released from the surfaces of the reactor coolmiem
(RCS). It is well known that crud has a porouscdtite
because crud deposition is stimulated in a conditio
where sub-cooled nucleate boiling (SNB) occurs [3].
Various chemical species included in a primary
coolant can be accumulated in the porous crud. Amon

condition in a simulated primary water at 328 The
obtained results are discussed in the view point of
electrostatic forces between magnetite particle and
claddingsurfacesandwettabilityof thecladding surfaces.

2. Experimental

Al,O3 was chosen as a coating material, based on its
thermal compatibility with Zr-based cladding alloys
neutron cross section and thermal property. A
commercial ZIRLGM cladding tube was used as the

them, concentrated boron-containing compounds cansubstrate for the coating. The cladding tube has a

induce local power shift owing to neutron captuse b
boron, resulting in power output de-rating [4,5thium
can also be concentrated inside the pores, elgidte
there, and increases the corrosion rate of fuelditays.
In addition, the crud on fuel assemblies can irsedael
cladding temperature due to increased thermaltaesis,
resulting in accelerated fuel cladding corrosiofYJ6A
part of crud activated on fuel assemblies is reldagain
into the primary coolant, transported out of caad
deposited on ex-core surfaces, resulting in ine@as
occupational radiation exposure.

dimension of a 9.5 mm outer diameter (OD) and &n 8.
mm inner diameter. This tube was cut into tubular
segments with a length of 6 mm and then the ringew
ultrasonically cleaned in acetone and ethanol fori.
A part of the cladding tube was also segmentednialls
rectangle pieces and their OD sides were grountd wit
SiC papers to have a flat surface for measurenfahto
wettability and surface zeta potential. At this dinthe
roughness of the flat surface was controlled tathse
same as that of the as-received cladding tube.

Al;O3 layer was deposited using ALD technique on

Thus, several methods have been implemented tothe surface of the tubular and flat segments. ALfD o

plants to mitigate the above-mentioned problemseau
by crud. Elevated pHoperation of the reactor coolant
chemistry from 6.9 to 7.2-7.4 shows a reductionrid
deposition in PWRs [8,9]. Ultrasonic fuel cleaning
technology has been also used to remove crud fnem t
reloaded fuel assemblies during outage [10]. Iritémi
various mitigation methods such as passivatioriazfrs
generator (SG) tubes, electropolishing SG chaneatih

Al>,O3 layer was conducted at 250°C with trimethyl-
aluminum (AI(CH)s, TMA) and de-ionized water (DIW)
as reactants. One cycle of thermal ALD,@d growth
consisted of a pulse of TMA, followed by a pulséd¥V.
Each step was carried by a flow of nitrogen gas and
separated by purge time. Two processes were pextbrm
alternately 200 times.

The ring specimens of as-received (or uncoated) and

and reducing roughness of SG tubes have also beeml,Os-coated segments were put on a cartridge heater.

suggested for reducing radiation source terms irRBW
[11-13].

After the accident at Fukushima Daiichi in 2011,
development of accident tolerance fuel (ATF) claddi
have become an important research topic worldwide.
One of the ATF options is to use a coated zircorallay
cladding that can provide the necessary protechimimg
an off-normal high temperature or loss of coolant
accident (LOCA) conditions. The coating materiaisl a
their deposition technologies considered were
extensively reviewed in the literature [14]. Simija
Dumnernchanvanit et al. have recently reportedhen t
initial experimental results of crud-resistant miate as
fuel cladding coatings to reduce crud depositidi.[1

In this work, we coated aluminum oxide ¢8k) thin
layer on a ZILROM fuel cladding tube by using the

The diameter of the heater was designed to prdigtie
thermal contact with the ring specimens. Test gmiut
was prepared by dissolving chemicals of LiOH and
HsBOs into high purity DIW. The prepared solution
chemistry was 3.5 ppm Li and 1500 ppm B in weight,
which was used to simulate a primary water in PWRs.
This solution of 200 liters was stored in the solutank.
The sources of Ni and Fe ions for crud deposition
were prepared using Ni- and Fe-ethylenediamine
tetraacetic acid (EDTA), respectively. The mixedrse
solution of 1000 ppm Fe + 40 ppm Ni in weight was
stored in the injection tank for injection to tlestt section.
Crud deposition tests were performed in a 316
stainless steel autoclave connected to a primartgrwa
recirculating loop as schematically shown in FigThe
pressure of the test section was regulated at &86€. b
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Dissolved oxygen was maintained to be less thaptb p apparent tracer mobility was measured at a number o
and dissolved hydrogen was controlled to be 3%kgn  different distances from the sample surface. Every
‘H,0 (STP) by controlling the hydrogen overpressure of measurement was conducted af@%@nd repeated at

the solution tank. The flow rate at the surfacefus least 3 times.
cladding was controlled at 5 m/sec. The deposits on the surface of ring specimens were
dissolved in aqua regia solution after depositiesis.

g Temperature controller Then, the insides of the specimens were pluggeddig
exchanger ‘ to analyze only the outside surface. Then, the
b e Intemal heater concentrations of Ni and Fe were analyzed using an
inductively coupled plasma-atomic emission spectups
(ICP-AES). To calculate the quantity of the crule t
mass of Ni and Fe, determined by ICP-AES, was dilid
i ;‘;ﬁe‘g"g by the outside surface area of the ring specimée T
morphology of the crud was analyzed using a scannin
'nli)eucmﬁ;" r electron microscope (SEM). In addition, the crud
structure formed on the specimens was analyzed wsin
i ray diffraction (XRD). The thickness of the coatddOs
A layer was determined using focused ion beam (FIB)
milling technique, and the chemical compositionoasr
the interface between crud and matrix was analyzed
using an energy dispersive x-ray spectroscopy (EDS)

Relief Pressure gauge

HP pump Preheater Blow down

Fig. 1 Schematic of the test loop for crud depositi

The inlet solution was injected into the test smcti 3. Resultsand discussion
through preheating and the temperature of the figwi )
water adjacent to the ring specimens was maintaed Fig. 2 shows the TEM-EDS resuits on the cross-

328C. The temperature of the internal heater was S€ction of the Als-coated specimen, which was
maintained at 38 to provide the SNB condition on the Processed using FIB. It was observed that th@Abyer
ring specimen surface during crud deposition tests.  Was very dense and uniformly deposited on the afedd
this time, the active SNB condition has been alead Surface. The average thickness of theQdllayer was
confirmed through our previous study [16,17]. measured to be abOL_Jt 22 nm. Zirconium oxide ¢XrO

The crud source solution containing the Fe and Ni layer about 20 nm thick was also observed benéwth t
ions was injected with a flow rate of 1.1 ml/miorn the coated layer, which may be formed during the ALD
injection tank to the test section via the metering c0ating process. The atomic ratio of oxygen to dtum
injection pump after all these conditions were iitze. in the coated layer was calculated to pe nearrtrs the
This precursor solution was diluted in the simudate EDS data. Furthermore, the TEM micrograph and FFT
primary water stream and then its final chemistgsw Pattern revealed that the »@}-coated layer had an
calculated to be 4.0 ppm Fe and 0.16 ppm Ni intgse ~ @morphous structure.
section. The deposition test was conducted forHL68

To characterize the wettability of the uncoated and (a)
Al,Oz-coated specimen surfaces, the static contact angle
was measured at 25. A DIW droplet of 3ul was placed
by a syringe vertically down onto the specimenaef
The image of the droplet was then captured by & hig
resolution digital camera, and the static contagtawas
finally determined by using image analysis software
Measurements were made at five different pointsaon
specimen surface and the mean value was reportec_= @ —Aaeo—o A
together with the standard deviation.

The zeta potential measurement was performed using
a Malvern Zetasizer Nano ZS system equipped with a
surface zeta potential cell kit. Magnetite nandpkas
with an average size of 5 nm were diluted in hightgp
DIW to be a concentration of 5 mg/l. The dilutetlsion » AR AN i
was transferred to a measurement cell. The sudetze e b
potentials of the two different surfaces were also Distance ()
measured using the surface zeta potential celAkitat

40 nm

on (at%;

8

Chemilcal composl

ig. 2 TEM-EDS analysis of the ADs-coated cladding: (a)
_sample (\jN"?‘S ﬂrpountleii_ betweter_l .tWOt electrodes ?tnagark field TEM image, (b) elemental mapping imadesEDS
Immersed in the solution containing tracer mageett ;o profiles (red arrow) and (d) TEM micrographhfte dotted
nanoparticles. This solution was the same as wsettfa  ,5y) The inset in Fig. 2(d) is a FFT image onAhgs layer.

potential measurement of magnetite nanoparticles. T
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The surface zeta potentials and contact angleseof t

. . n Zr
uncoated and ADs-coated specimens were compared in 1 zr0,
Table 1. Both surfaces were all negatively chargedker * Fe30,

the same test condition. The surface zeta potental
approximately -43.5 mV for the uncoated specimeth an
-52.1 mV for the AlIOs-coated one. The zeta potential of ¢

the magnetite particles was measured to be abéud -3 3 .

mV. The difference in the zeta potential between 0

magnetite particle and cladding surface was lamgehe

coated surface than the uncoated one. This meatthéh

Al;,Os-coated surface has larger repulsive force with .,.J\MM«JLM \ A J‘ | M2Oetated
magnetite particle than the uncoated surface. Bheact 20 30 a0 s s 70 80
angle of the uncoated surface was measured with°72+ 20 (deg.)

while the AbOs-coated surface showed a slightly higher

value of 85+% This implies that the ADs-coated  Fig. 4. XRD patterns of the uncoated and:Qitcoated

Uncoated
° L ]

Intensity (a.u.)

surface has a slightly more hydrophobic property. claddings after the deposition tests.
Table 1. Surface zeta potentials and water coatagies of the These results are well supported by the quantity of
uncoated and ADs-coated claddings. deposits on both the uncoated and.QAlcoated
Uncoated Al05-coated specimens after the deposition tests as summaiized
Surface zeta potential 435+11 52416 Table 2. The amount of deposits decreased by @3out
(mVv) . X
Contact angie for the AIzOg-cpated specimen, comparing to the
(deg) 72+1 85+ 1 uncoated specimen. This result means that crud

deposition is dependent on the surface propertthef

. _ _ cladding. Moreover, the thickness of ZrCayer on
Fig. 3 shows the surface SEM images of the depositsy| o, coated specimen was thinner by about 12% than

on the uncoated and As-coated specimens after the  hat on the uncoated one after deposition test6 h

deposition tests. Polyhedral particles with varisizes  (1ape 2). At this time, the ZrQhickness was measured
were uniformly deposited on both specimens, but the by TEM analysis for the cross-sections of both the
uncoated specimen showed higher density of the ,.jated and ADs-coated specimens.

particles than the ADs-coated one. Boiling chimneys

Were_ observed more frequently on the uncoated Table 2. Deposit mass and ZrtDickness of the uncoated and
specimen than the ADs-coated one. Furthermore, much  aj,0s-coated claddings after crud deposition tests 68 .

smaller particles were observed to be depositednaro Uncoated 'Al,O5-coated

the boiling chimneys. These deposits were analyaed Amount of deposit

be mainly magnetite by XRD patterns, as shown @ Fi (mg/cmZ(;p 1.89+0.06 1.45x0.05

4. The relatively less intensive peaks of magnetitee ZrO;, thickness 652 + 23 580 + 20
recorded on the ADsz-coated specimen, indicating that (nm) _ B

the amount of the deposits decreased by theAl

coating. The zirconium and its oxide (Z)(eaks were Fig. 5 shows the cross sectional TEM image of the

also observed, which can be originated from theimat deposits on the ADs-coated specimen, which were
and internally grown oxide during the depositiostte vertically milled using FIB. EDS line profile wasde to
respectively. The peak intensity of Zr@as relatively obtain chemical compositions along a-b. The prsfile
weak on the AlOs-coated specimen compared to the indicate that the upper bright part is magnetitd tre
uncoated one. lower dark part is zirconium oxide. It is strikitigat the
Al>O3 layer was not detected between®gand ZrQ.

100

Atomlc percent
3 2 8

3

a Position b

Fig. 3 SEM micrographs of the deposits on the dlagid

specimens after the deposition tests: (a) uncadéeidiing, and Fig. 5 TEM image on the cross section of theQdlcoated
(b) Al20s-coated cladding. Red dotted circles indicate the cladding and EDS profile obtained along the line a-
boiling chimneys.
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The main findings in this work can be summarized as
follows: the quantity of deposits was decrease@38p6
through AbOs coating but the AD; layer disappeared
after the deposition tests. The role of theQ3lcoating
on mitigation of crud deposition can be discussethf
the viewpoint of surface properties such as zetarial
and wettability.

The surface zeta potential, which indicates electro
static force of magnetite particle toward a materia
surface, is an important influence factor for crud
deposition on fuel claddings. The difference ofazet
potentials between magnetite particle and cladding
surface increased from 7.5 mV to 16.1 mV when the
Al>O3 thin layer was coated on cladding surface. This
means that the repulsive force between magnetite an
cladding surface increases by,®4 coating. Therefore,
transportation and adhesion of magnetite particlge
the AbOs-coated surface is disfavored, resulting in a
decrease in crud deposition. Although the zetantiatis
were measured at 5, it will be effective at the higher
temperature tested in this work.

The water contact angles were increased frofrt@’2
85° by Al.O; coating as summarized in Table 1. A high
contact angle corresponds to a low surface weittabil
This indicates that the ADs-coated surface has a slightly
more hydrophobic property. The deposit formatioraon
heated surface during nucleate boiling was caused f
the evaporation of a micro-layer of liquid beneath
bubble, according to the micro-layer evaporation an
dry-out model [18,19]. Therefore, the crud depositi
amount will be strongly dependent on bubble dynamic
According to experimental observations and numerica
simulations [20,21], the active nucleation site signfor
bubbles is proportional to the contact angle. Hawev

18-19, 2017

thermodynamic instability at elevated temperatures.
When selecting coating materials, we considereg onl
the following properties: their neutron cross smtti
thermal expansion coefficient, and thermal conditgti
Consequently, this result provides a painful butiobs
lesson that it must be considered a thermodynamic
stability of a coating material in the water chemyis
condition of a PWR core in selecting step. If tioated
Al>,O3 layer were thermodynamically stable at elevated
temperatures, crud deposition would be decreased ev
more by the AIO; coating.

On the other hand, zirconium oxide is internally
grown on Zr-based cladding tubes exposed to a high
temperature primary coolant. In this work, zircaniu
oxide layer on the ADscoated specimen was
approximately 12 % thinner than that on the unabate
one. This indicates that the coated layer delayed t
oxidation of the cladding despite its thermodynamic
instability.

4, Conclusions

We have investigated the role of .8k thin layer
deposited on fuel cladding on the crud deposition
mitigation. The quantity of deposits on the®d-coated
claddings decreased by 23% compared with that en th
uncoated cladding. The difference of zeta potential
between magnetite particle and cladding surface
increased from 7.5 mV to 16.1 mV through coating th
Al>O3 layer. Therefore, the reduction of crud deposition
can be attributed to the increased repulsive foeteeen
the magnetite particle and &ks-coated cladding surface.
The static contact angle on the cladding surfacas w
increased from 72to 85 by Al,O; coating. However,

the effect of contact angle on the bubble departurethe ALOs-coated layer was dissolved into the test

frequency is still controversial whether it increasor
decreases with increasing the contact angle. Ithedl
bubble density and emission frequency are enhaoed
a hydrophobic surface, the crud deposition will be
increased on the ADs-coated surface. However, this is
not the case for our result. Therefore, it miglktrsehat
these two factors exert a competing effect. In tialdi
the wettability differences measured in the presenrk
might be too small to have practical importance.

The EDS line profiles shown in Fig. 5 indicate that
the coated A3 layer was disappeared after the
deposition tests. This was an unexpected resulbeat
stage of the experiment design. The absence Al
layer may imply that the layer is thermodynamically
unstable in this test condition and dissolves othé test
solution. Thus we checked the thermodynamic stgbili
of Al>O3 in the potential-pH diagrams for the aluminum-
water system at 28 and 308C [22]. The pH of the test
solution used in this work is 6.4 at®®5and 7.0 at 30C,
where the pH at 30C was calculated by using
MULTEQ code. AYOs is stable at pH 6.4 and Z5 but
it is no longer stable and dissolves into the Alform at
pH 7.0 and 30%C. Therefore, it can be concluded that the
coated AJOs layer was gradually dissolved in the test
solution during the deposition tests owing to its

solution due to its thermodynamic instability agtner
temperature. Nevertheless, the coated layer retdtae
oxidation rate of the fuel cladding. Therefore, the
simulation tests for crud deposition performed s t
work show that appropriate coatings will provide a
promising future for mitigation of both crud deptasi
and cladding oxidation in the primary solution.
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