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1. Introduction 

 
The amount of corrosion product deposits on fuel 

assemblies has recently been increased in many 

pressurized water reactors (PWRs) due to economic 

operating strategies of nuclear power plants such as 

power uprate, lifetime extension and higher burnup 

[1,2]. These deposits are called as ‘crud’ and are formed 

by corrosion products released from the surfaces of the 

reactor coolant system.  It is well known that crud has a 

porous structure because crud deposition is stimulated 

in a condition where sub-cooled nucleate boiling ℃ 

curs [3]. Crud has a major concern in fuel reliability and 

reactor operation, including its safety under accident 

conditions. The crud disposed from PWR fuel rods 

consists mainly of a nonstoichiometric spinel NixFe3-

xO4(0 ≤ x≤ 1.0) with a small quantity of NiO, Fe3O4, 

ZrO2 or Ni2FeBO5 [4-6]. Concentrated boron-containing 

compounds in the porous crud have induced l℃ al 

power distortion owing to neutron capture by boron and 

accelerated cladding corrosion due to reduction of heat 

transfer from fuel to coolant [3]. 

Understanding mechanism through which the crud 

conducts heat transfer over various power ranges of the 

nuclear fuel rods is very significant to predicting the 

fuel integrity. It is because the crud has a significantly 

lower thermal conductivity than the fuel cladding and it 

depends on characteristics of crud such as geometry and 

chemical composition. Thus, many researchers have 

studied the effect of crud properties on heat transfer of 

nuclear fuel. However, most of the studies were 

concentrated on modeling and simulation, and a few 

researchers have experimentally studied heat transfer 

properties of crud.  

The crud obtained from nuclear power plant have 

shown a various porosity of 20~80% and the vicinity in 

crud layer have shown tortuous geometry [3,7]. 

However, the simplified and assume information is used 

to simulation and modelling of crud thermal property to 

evaluate core integrity [8-10]. Thus, the experimental 

data, which reflect the characteristics of real crud, are 

demanded to improve the uncertainty of simulation 

results. 

In this work, dense and porous nonstoichiometric 

nickel ferrite (NixFe3-xO4) cruds were deposited using 

vacuum sputtering system and simulated PWR primary 

loop, respectively. The physicochemical and thermal 

properties of cruds were analyzed by various analyzing 

equipment such as SEM, XRD, DSC, LFA, etc. From 

these data, we analyzed the relationship between crud 

characteristic and crud heat transport. 

 

2. Experimental 

 

In order to compare the effect of porosity on the 

thermal properties of crud deposited on the zirconium 

alloy fuel cladding surface, dense and porous cruds 

were prepared using vacuum sputtering system and 

simulated PWR primary loop, respectively. A zirconium 

alloy plates having same chemical composition with 

commercial ZirloTM cladding, which is summarized in 

Table I, were used as a substrate. The dimension of 

plate specimen is 10 mm x 10 mm x 0.48 mm 

(thickness).  Prior to crud deposition, the specimen is 

cleaned with ultrasonication in acetone, alcohol and 

deionized water for each 10 min. 

Table Ⅰ. Chemical composition of Zr-alloy specimen (wt. %). 

Sn Fe O Nb Zr 

1.0 0.1 0.1 1.0 Bal. 

Dense crud was deposited using a radio-frequency 

(RF) magnetron sputtering system to fabricate same 

composition with that deposited in simulated PWR 

primary coolant loop. The base pressure and working 

pressure were 5 x 10-7 and 5 x 10-3 Torr, respectively. 

Sputtering was performed using both NiO and Fe3O4 

targets under argon gas at 300℃ for 112 h. Then, the 

RF power of NiO and Fe3O4 targets was controlled to 

100 W and 400 W, respectively. The dense crud was 

deposited to be a thickness of 50 μm.  

Porous cruds with different porosity were prepared 

using the simulated PWR primary coolant loop as 

shown in Fig. 1. The plate specimen was mounted on 

internal heater surface and it was inserted into the test 

section. The primary water was prepared by dissolving 

LiOH of 2 ppm and H3BO3 of 1,000 ppm into deionized 

water. The dissolved oxygen was controlled to be less 

than 5 ppb and dissolved hydrogen was maintained at 

35 cc/kg∙H2O. The primary water was circulated with 

flow rate of 100 cc/min. The crud source was prepared 

by dissolving 600 ppm of nickel ethylenediamine 

tetraaccetic acid (EDTA) and 800 ppm of iron acetate 

into deionized water. The crud source solution was 

supplied to the test section at an injection rate of 1.0 

cc/min, when the coolant temperature and pressure in 

test section was stabilized at 328℃  and at 12.8 MPa, 

respectively. The surface temperature of Zr-alloy plate 
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was maintained at 350℃  and 355℃ , respectively, in 

order to control the porosity of crud. Then, the heat flux 

was calculated with 6.1 W/cm2 and 6.8 W/cm2 at the 

surface temperature of 350℃  and 355℃ , respectively. 

The crud deposition was performed for 25 days.  

The surface morphology of cruds deposited on fuel 

cladding material were observed using a scanning 

electron microscope (SEM). The cross-sectional images 

of cruds were obtained using SEM equipped with a f℃ 

used ion beam (FIB) to evaluate the porosity and 

thickness of cruds. Crystallinity of cruds were analyzed 

using X-ray diffraction (XRD). Thermal conductivity 

(λ) of cruds were obtained by multiplying the thermal 

diffusivity (α), specific heat capacity (cp), and density 

(ρ). These parameters were measured using laser flash 

analyzer (LFA), differential scanning calorimetry (DSC), 

and He gas pycnometer, respectively. The two-layer 

method was applied to analyze the thermal diffusivity of 

crud deposited on Zr-alloy specimens. 
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Fig. 1. A Schematic of the simulated crud deposition loop 

 

3. Results and Discussion 

 

Fig. 2 shows the SEM surface micrographs of dense 

and porous cruds. The surface of dense crud fabricated 

using sputter is very clean and smooth as shown in Fig. 

2(a). However, many protruding structures and various 

size pores were observed in both specimen surfaces 

prepared using PWR primary coolant loop as shown in 

Figs. 2(b)-2(d). The surface of crud deposited at the 

surface temperature of 345℃ (Tsurf.=345℃) and 350℃ 

(Tsurf.=350℃) appeared rougher than that deposited at 

355℃ (Tsurf.=355℃) due to dendrite-shaped structures 

growing toward the coolant. This result indicates that 

the surfaces at two temperature conditions have 

experienced different boiling conditions.  

Fig. 3 shows the cross-sectional SEM images of cruds 

fabricated using sputter and crud deposition loop. To 

analyze the cross-sectional images of cruds, the 

specimens were prepared by splitting the crud sputter-

deposited on silicon wafer and by focused ion beam 

machining for cruds deposited in PWR primary coolant 

loop, respectively. The sputter-deposited crud shows 

dense film as shown in Fig. 3(a), although it displays 

slightly rough due to its preparation manner. However, 

both cruds deposited in PWR primary loop shows 

different thickness for the location and porous structure 

as shown in Fig. 3(b) and 3(c). Fig. 3(d) shows the 

average thickness and the porosity of three crud layers. 

The average thickness was 50 μm, 52 μm, 58.4 μm for 

each sputtered-deposited crud, crud for Tsurf.=350℃  

and that for Tsurf.=355℃ , respectively. The average 

porosity was measured by 0% for sputter-deposited crud, 

27.4% for crud deposited at Tsurf.=350℃ , and 33.8% 

for crud deposited at Tsurf.=355℃ , respectively.  

20 μm

(a) (b)

100 μm

(c)

100 μm
 

Fig. 2. SEM surface micrographs of (a) dense crud and porous 

cruds deposited in simulated primary coolant loop at the 

specimen surface temperature of (b) 345℃, (c) 350℃ and (d) 

355℃. 

0

10

20

30

40

50

60

70

80

0

10

20

30

40

50

60

70

80

A
v

e
ra

g
e

 P
o

ro
s

it
y

 (


)

Loop at 355
o
CLoop at 350

o
C

A
v

e
ra

g
e

 T
h

in
k

n
e

s
s

 (


m
)

 Thickness

 Porosity

Sputter

20 μm 20 μm

20 μm

(a) (b)

(c) (d)

 
Fig. 3. SEM Cross-sectional micrographs of (a) dense cruds 

and porous cruds deposited at (b) 350℃  and (c) 355℃ , and 

(d) information for average thickness and porosity. 

To investigate the crystallinity of three cruds, the X-

ray diffraction analysis was performed and the result 

were shown in Fig. 4. Three crud layers displayed a 

non-stoichiometric nickel ferrite (NixFe3-xO4) and the 

characteristic peaks of XRD patterns for those cruds 

were consistent with the standard pattern of cubic spinel 

Ni0.6Fe2.4O4 (JCPDS Card No. 87-2338). The Miller 

indices for the peaks were determined by using the 

relation between Sin 2θ values and the combined 

equation of the Bragg law with the plane-spacing 

equation for each crystal system. As denoted in the 
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figure, the Bragg planes such as (220), (311), (222), 

(400), (422), (511), (440), and (620) belong to the cubic 

spinel structure of the Fd-3 m space group. The most 

intense peak was observed on the (311) plane and no 

other separate peaks were identified by XRD. 
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Fig. 4 XRD patterns of dense and porous cruds deposited on 

zirconium alloy plate. 

To evaluate the effect of crud porosity on heat 

transport through it from zirconium alloy cladding 

surface, the thermal conductivity of crud was measured 

using LFA, DSC and He-pycnometer in the temperature 

range of 200~850℃ , as shown in Fig. 5. Then, the 

zirconium dioxide thickness was enough thin to be 

negligible in evaluation of thermal conductivity. The 

thermal conductivity of metallic zirconium alloy as a 

substrate material appears similar value with about 12 

W/m∙K in the temperature range of 200-600℃  but 

abruptly increases at the temperature range of 600-

850℃ . However, the thermal conductivity of cruds 

deposited using simulated PWR primary coolant loop 

was lower with 0.46-1.53 W/m∙K than that of zirconium 

metal alloy. The thermal conductivity of crud deposited 

at Tsurf.=350℃, in which many dendrite structures were 

observed, was 0.46 W/m·K at 200℃ but it gradually 

increased up to 0.84 W/m∙K  at 850℃  with increase of 

specimen temperature. 
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Fig. 5 Thermal conductivity of crud deposited on zirconium 

alloy specimen with different porosity in the temperature 

range from 200℃  to 850℃ .  

However, thermal conductivity of crud deposited at 

Tsurf.=355℃, which had higher porosity than that 

deposited at Tsurf.=350℃ , was 1.53 W/m∙K at 200℃  

but gradually decreased with increase of specimen 

temperature. In addition, thermal conductivity of crud 

deposited Tsurf.=355℃  become lower than that of crud 

deposited at Tsurf.=350℃  at 800℃ . In general, it is 

well known that the thermal conductivity of ceramic 

materials decreases with increase of specimen 

temperature like that of crud deposited at Tsurf.=355℃  

[11]. However, the thermal conductivity of crud 

deposited at Tsurf.=350℃  tends to increase as a function 

of specimen temperature and becomes higher than that 

of crud deposited at Tsurf.=355℃  at 800℃ . 

This result is considered to be because the crud 

structure is collapsed in high temperature during LFA 

analysis as shown in Fig. 6. An exposed location of 

substrate was observed in some areas after LFA analysis 

as not shown here. Therefore, thermal conductivity of 

crud deposited at Tsurf.=350oC would be affected by 

increase of substrate temperature due to its geometric 

change [12]. 
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Fig. 6 Crud surface morphology (a) before and (b) after LFA 

analysis. 

4. Conclusions 
 

We have investigated the porosity effect of cruds 

deposited using sputtering and simulated primary 

coolant loop on its heat transport in this work. All crud 

layer is a non-stoichiometric spinel nickel ferrite 

(Ni0.6Fe2.4O4) in XRD observation. The porosity of crud 

was higher in crud deposited at Tsurf.=355℃ with 32.3% 

than that of crud deposited at Tsurf.=350℃ with 27.4%. 

Thermal conductivity of crud was affected by both 

porosity and surface morphology. It might be because 

the thermal conductivity of crud is multiply affected by 

other properties such as surface structure and its thermal 

stability as well as its porosity. Therefore, it indicates 

that various geometry parameters of crud is considered 

together with the porosity to understand well the heat 

transport of crud at high temperature. 
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