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Abstract

Radiation-Induced Surface Activation is an inherent phenomenon where surfaces that are exposed

to gamma irradiation are observed to undergo an increase in wettability. This increase in

wettability as a result of the ionizing radiation exposure has so far been demonstrated to have a

pronounced impact on Leidenfrost temperature and two-phase fluid dynamics. Test results from

previous experiments have shown that incorporation of this effect on heat transfer equipment

design may increase the thermal-hydraulic margin leading to higher thermal efficiency. However,

the mechanism behind the increased wettability is not clearly understood. In the present work,

three different materials (Zircaloy-4, 316 stainless steel, and copper) were exposed at two different

dose rates with use of two different gamma irradiation facilities. A detailed surface

characterization on the post-irradiated samples is carried out to understand the changes in surface

chemistry, wettability and surface morphology. It is observed from the experiments that the

increase in wettability upon irradiation depended on the total dose and not on the dose rate.

Moreover, localized oxidation and porosity induced by radiolysis was seen to be the predominant

mechanism behind increased wettability which leads to improved Leidenfrost temperature.

Keywords: Gamma irradiation, Hydrophilicity, Wettability, Oxidation, Surface energy,
Radiation-induced surface activation
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Introduction

Two-phase heat transfer (boiling and condensation) commonly occurs in various heat transfer

equipment such as heat pipes used to cool power amplifiers, photovoltaics and integrated circuits

as well as in various refrigeration and cryogenic systems.[1-5] Boiling is the dominant mode of

heat transfer in boiling water reactors (BWRs).[6, 7] Two-phase heat transfer also occurs during

quenching of core rodlets in light water reactors observed during the emergency cooling of reactors

as well as in heat treatment of various materials. [8, 9] Two-phase heat transfer is limited by various

phenomena such as critical heat flux (CHF) [10-12] and Leidenfrost temperature.[13-15] During

the heating of surfaces, beyond critical flux, the heated surface is environed by a vapor blanked,

drastically reducing the heat transfer from the surface.[16, 17] Similarly, in the cooling of

materials, accelerated cooling is observed when the temperature drops below the Leidenfrost

temperature, the point at which the film covering the heated surface collapses into bubbles that

support faster cooling of surfaces.[18, 19]

Understanding mechanisms affecting boiling heat transfer helps in the development of advanced

surfaces for enhancing CHF and Leidenfrost temperature as well as enabling better modeling of

systems to accurately determine the thermal-margin for the operation of the heat transfer

devices.[17, 20-25] Several analyses so far have determined that surface effects play a vital role in

improving two-phase heat transfer as well as the heat transfer limits (CHF and Leidenfrost

temperature).[11, 26-38] The major surface characteristics that affect boiling heat transfer include

surface wettability [28], surface roughness [27, 39], and porosity [40, 41]. Increased surface

roughness and porosity are known to affect the nucleation site distribution which in-turn impacts

the onset of nucleate boiling.[42-44] It has also been shown that surface roughness contributes to

the liquid-vapor interfacial instabilities leading to improved CHF and Leidenfrost temperature.[9,
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27, 45-47] Porous surfaces also possess a higher water absorption capability to know as capillary

wicking, which, leads to increased boiling heat flux as well as CHF.[48-54] Recently, an

interesting mechanism on the early evaporation of the microlayer as a result of surface texture was

also reported to enhance boiling heat transfer and CHF.[55] These pronounced impacts of surface

characteristics on boiling heat transfer have lead researchers to focus on understanding the

governing mechanisms as well as explore various ways to improve these surface characteristics to

achieve a higher heat transfer rate. Recently, the authors proposed the need to develop a

comprehensive model for two-phase heat transfer dynamics which depend on various surface

parameters such as roughness, porosity, contact angle, and surface emissivity.[56]

Apart from surface roughness and porosity, surface wettability is seen to play a decisive role in

determining boiling characteristics. Surface wettability is measured in terms of contact angle.[57]

Contact angle (CA), which is the angle formed by the liquid-vapor interface with the test surface,

is a complex function of surface chemistry as well as surface morphology, in addition to fluid-

surface interaction parameters [57]. A decreased contact angle implies increased wettability.

Though CA measurement is a common technique to measure wettability, the technique is no longer

applicable in the case of superhydrophillic textured surfaces [58]. In hydrophilic non-ideal surfaces

with roughness [59], the wetting behavior is described by the Wenzel state. In the Wenzel state,

the liquid is in full contact with the solid surface penetrating into the surface textures and the

measured CA becomes a function of its surface roughness. Such surface tend to move to a

saturated Wenzel regime when the surface roughness becomes higher than the characteristic

saturated roughness [58, 60]. In such cases, CA is always 0° as predicted by Wenzel state [61] and

does not comprehensively capture the capillarity and interface effects. An alternative measurement

technique utilized in this work to partially overcome such limitation is capillary wicking [49].
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Hydrophobic surfaces (CA>90°) [59] are preferred to accelerate the onset of nucleate boiling

which helps in achieving a higher heat transfer rate following the occurrence of boiling on heated

surfaces [49]. However, hydrophilic surfaces are preferred to improve CHF as well as Leidenfrost

temperature as these improve liquid contact with the surface [49]. Several methods have so far

been developed to improve the wettability of surfaces, which include the development of

nanostructures, application of coatings and use of photocatalyst such as ultraviolet (UV) rays. [62-

69]. An interesting method presented by Zupanèiè, et al. [38] uses pulsed Nd: YAG laser to

generate biphilic patterned surfaces which provide up to 200% simultaneous enhancement in two-

phase heat transfer coefficient as well CHF. In fact, nanosecond laser texture is a robust means of

engineering surfaces for enhanced heat transfer and was observed to work on fluids and mixtures

of different polarity and fluid properties [36, 37, 70].

Gamma radiation is known to affect surface wettability through a phenomenon called radiation-

induced surface activation.[71-74] Due to its scalability, Gamma irradiation can be effectively

used to increase surface wettability in manufacturing and bio-medical industries where other

techniques to improve wettability are difficult to implement. The importance of the effects of

gamma irradiation is more readily realized in thermal hydraulics of nuclear reactors. The fission

process governing energy generation in these reactors results in the creation of strong gamma fields

that remain in the fuel cladding for decades via decay of the fission products. Few studies have so

far been conducted to understand the effect of gamma irradiation. In the studies by Takamasa et

al. [75], the contact angle was found to decrease in the case of gamma-irradiated metal oxide

samples indicating an increase in surface energy for a period of time before the surface returned

to its nominal condition. In yet another study, gamma irradiation was shown to increase the

nucleation site density thereby affecting the critical heat flux on surfaces. [76] At least 20%
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enhancement in CHF is observed in these studies conducted with various oxide surfaces. Recently,

the authors have demonstrated that non-oxidized surfaces also show improved wettability when

exposed to gamma radiation leading to significant enhancement in the Leidenfrost

temperature.[77] It was also demonstrated that the mechanism behind increased wettability was

different from that of UV induced hydrophilicity and there was a significant possibility of surface

oxidation during gamma irradiation compared to UV-ozone treatments.

However, there is a need to completely understand the impact of the mechanism of gamma

radiation-induced hydrophilicity by studying the effect of cumulative dose and rate of exposure.

Surface morphology is known to be highly impacted by ionizing irradiation [78-88]. The change

in surface characteristics as a result of radiation exposure and its role in interfacial energy transfer

for various surfaces should be addressed. In the present work, a comprehensive post-irradiation

surface examination of different surfaces when exposed to irradiation at two different dose rates is

performed. The post-irradiation examination involves the use of advanced techniques for surface

energy measurement, electron microscopy, and X-ray-based surface chemistry analysis. The effect

of corrosion potential with gamma irradiation is also highlighted. Further, the effect of total dose

on Leidenfrost temperature change is also studied.

Experimental setup and Methods

Gamma Irradiation

Two different gamma irradiators were used in the present work to irradiate the samples. The

high dose rate Gamma Irradiation Facility (GIF) at Sandia National Laboratories provided a dose

rate of 32 Gy/s. A picture of the gamma irradiation cell setup and the sample loading is shown in

Figure 1. The gamma cell facility at MIT is used for exposure at a lower dose rate (present rate

5



-0.7 Gy/s). Both the cells use cobalt-60 as the source. The maximum absorbed dose in the sample

in a single insertion is 19.2 MGy in the high dose rate facility and that applied in the low dose rate

facility is 1.2 MGy. The dose rate was measured at the high dose rate facility using a calibrated

Victoreen Model 550 Series cylindrical 0.3 cm3 ionization chamber with the Inovision Radiation

Measurements Therapy Dosimeter Model 35040 electrometer.

(a)

(b)
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Figure 1. Cobalt-60 source: GIF Facility, (a) Cobalt-60 Source Array Used at the GIF.

(b) Aluminum Sample Basket and Co-60 Array (submerged).

Wettability and Surface Energy Measurement

The surface energy of substrates was quantified through contact angle measurement on a Kriiss

DSA30 drop shape analyzer. Kriiss DSA4 v. 2.0 software was used for contact angle analysis.

The contact angle that a liquid makes with a solid interface depends on the surface tension of the

liquid (typically denoted by a) and the free surface energy of the solid, ys. From a force balance,

the intrinsic contact angle may be related using the following expression, which was first described

qualitatively by Young [89]

cos01 =
Ysv Ysl

(1)

where ys, is the solid-vapor interfacial tension (sometimes referred to as the surface tension of

the solid in equilibrium with the vapor), ysl is the solid-liquid interfacial tension, and CY is the surface

tension of the liquid (liquid-vapor interfacial tension, also represented as ylv). ysv-ysl is often

referred to as the adhesion tension of the liquid/vapor/solid combination.

Later, the work by Dupré on adhesion between two immiscible liquids Dupré and Dupré [90]

may be combined with Young's equation to obtain what is commonly referred to as the Young-

Dupré equation:

Ws1 = 0[1 + cos(0)] (2)
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where YrisI is the work of adhesion per unit surface area, and the spreading pressure, xe=ys--ysv has

been neglected, i.e., ys=ysv and yl—pv=o-. For the surface energy analysis in this study, spreading

pressure will be neglected. Note that the units of surface energy (mJ/m2) are equivalent to that of

surface tension (mN/m).

The three-liquid approach is typically use to determine surface energy through the determination

of the polar (Lewis acid-base) and Lifshitz-van der Waals (includes Debye, Keesom, and London

dispersion interaction) components of the surface energy.[91] In this study, we utilize a four-liquid

approach to improve the fidelity of the line fitment to the system of transcendental equations.

Specifically, deionized water (>18 MQ-cm), ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich),

glycerol (Molecular Biology Reagent, Sigma-Aldrich), and diiodomethane (ReagentPlus, Sigma-

Aldrich) are employed. Selection of entirely nonpolar fluids is difficult, as most typically have

low surface tensions and perfectly wet surfaces. Diiodomethane is a good candidate for a nonpolar

liquid due to its high surface tension, leading to measurable contact angles in many cases. Surface

tension values for the liquids utilized in this study are summarized in Table 1. Note that the default

liquid surface tension database in the Kriiss DSA4, v. 2.0 software had several errors. These values

were corrected with those listed in Table 1 prior to performing the analysis. Droplet size depended

on the liquid being dispensed but was typically between 1 µL and 5 µL.
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Table 1. Contact angle liquid surface tension parameters for surface energy calculations.

Total, y
(mN/m)

Dispersive

(Lifshitz van der
Waals) yp or 7LW

(mN/m)

Polar

(Acid-Base)

yP or 7AB

(mN/m)

Acid

y+
(mN/m)

Base

y
(mN/m)

Source

Water: 72.80 21.80 51.00 25.50 25.50

Bellon-
Fontaine
et
al.Bellon-
Fontaine,
et al. [92]

Ethylene
Glycol:

48.00 29.00 19.00 3.00 30.10
Oss et
al.[93]

Glycerol: 64.00 34.00 30.00 3.92 57.38
Oss et
al. [93]

Diiodo-
methane:

50.80 50.80 0.00 <0.1 <0.1

Bellon-
Fontaine
et
al.Bellon-
Fontaine,
et al. [92]

Two models for relating rneasured contact angle and liquid surface tension to the surface energy

were explored. The first model divides the surface energy into a polar and a dispersive component,

and is often attributed to Owens and Wendt [94] although Girifalco and Good introduced the model

a decade earlier.[95]

y1(1 + COS' 6) = 311
p )1/2

2,\ 7
D + /

/
YS (4)
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Acid-base theory breaks the surface energy into a Lifshitz-van der Waals (dispersive)

component, and an acid-base (polar) component.[96] The acid-base component of surface energy

is further divided into the Lewis acid (electron acceptor) and Lewis base (electron donor)

constituents. The model for acid-base theory is expressed as follows:

Yi (1- + cos 19) = 2 LYsimY1L147 ys+ Yi + Ys Yi+ (5)

The Kriiss software solves the system of equations (in our study, four equations given the four

unique liquids used). Four independent measurements were made on substrates with each fluid in

order to assess repeatability (Type A uncertainty). Type B uncertainty for contact angle

measurement was typically ± 2.0° based on the goniometer and contact angle fit in the software.

All the contact angle presented in the work are static contact angle measurements. However

rigorous measurement of CA would involve measurement of advancing and receding contact

angles to eliminate the uncertainty in the process of drop landing. However, to quantify the range

effectively, multiple measurements are carried out and the value of the standard deviation that will

be presented in the work combines the uncertainty due to drop landing effects, local surface

changes and goniometer measurement uncertainty (Type A + Type B).

Capillary wicking was also estimated in the present work to characterize the hydrophilic samples

after gamma irradiation. Capillary wicking was measured using high-speed imaging of the volume

of water absorbed by the surface which equals the decrease in volume in a capillary tube. The

method of capillary wicking measurement is described by Ahn et al.[48] A pendant drop is created

at the end of a capillary tube and the surface to be tested is translated upward to touch the drop.
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The volume absorbed per unit time is taken as the characteristic of capillary wicking in the present

case. The experimental uncertainty in the measurement of the wicking velocity is estimated as 0.1

mm3/s. The measurement uncertainty is calculated as explained in Rahman et al.[49]

Surface Morphology and Chemistry

In order to measure the surface morphology and pore structure, a Zeiss Merlin Scanning electron

microscope was used. The microscopic image of the surface was further processed to study the

pore size and structure. A high-resolution electron detector was used with a voltage of 15kV to

obtain images. Energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy

(XPS, Physical Electronics Versaprobe II) survey scans were used to obtain the elemental

composition of the tested samples. The composition of the sample used in the present work as

measured with EDS were Zircaloy (1.32Sn-0.21Fe-0.11Cr-0.130-BalZr.), 316-Stainless steel

(0.016C,16.58Cr,2.01Mo,10.14Ni,0.067N,1.7Mn,0.48Si3O.12Cu, Bal Fe) and 110 Copper (0.09 O,

Bal Cu).

Electrochemical potential measurement was also carried out to analyze changes in the oxide

layer chemistry upon irradiation. Samples were inserted in an electrochemical solution comprising

of O.1M H2SO4 as electrolyte and a standard calomel electrode (SCE) as a reference electrode.

The electrochemical potential was observed with reference to the SCE and later converted with a

reference to the standard hydrogen electrode (SHE).

Quenching studies

The details of the quenching experiment are described in some of the previous works.[28, 77,

97] The tested samples are cylindrical rodlets which are heated in a radiant furnace powered by a
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DC supply. The samples are quenched by dropping the sample from the furnace into the quenching

pool of liquid water maintained at a constant temperature by means of a pneumatic pressure supply.

The centerline temperature of the rodlet is recorded online using a thermocouple connected to a

data acquisition system.

Results and Discussion

Effect of Irradiation on the Contact Angle

Surfaces were exposed to two different cumulative doses (Test I and Test II) in the gamma cells

at SNL and MIT. Surfaces were placed in aluminum trays and covered with UHV foil to prevent

the collection of dust or gross contaminants inside the gamma cells. This would isolate changes

due to the electrochemical potential that would happen due to the exchange of ions when the

sample surface contacts the metallic surface of the gamma cell. It should be noted that the surfaces

were removed from the gamma cell once the contact angle measurement was carried out. Hence,

numerous samples for each test (6 samples in this case) were initially loaded and one sample was

taken out for each exposure length during the total exposure time to carry out the contact angle

measurement. This was done to minimize the impact of surface residue that could remain on the

surface after exposure to the contact angle fluids. Fig. 2 shows the changes in contact angle for the

four different fluids tested. It can be seen that for all fluids, the contact angle decreased with

exposure. It should be recalled that the possible mechanism for decreased CA in with gamma

exposure that were discussed earlier were photon-induced anodic reaction between water

rnolecules[75] or local oxidation [77] occurring as a result of surface exposure to ionizing
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Figure 2. (a) deionized water (b) ethylene glycol (c) diiodomethane (d) glycerol

2.5

It can also be seen from Fig. 3 that the contact angle measurements carried out after exposing the

samples at two different dose rates are in good agreement. This is a clear indication that the

increased wettability depends on the cumulative dose and not on the dose rate. The important

conclusion from the work is similar to the observation on non-ionizing laser irradiation. Gregor6i6,
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et al. [98] demonstrated that total absorbed energy by the laser irradiation impacts the wettability

and not the pattern or rate of exposure It is also seen from Fig. 3 that the wettability change for

water saturates around 10-20° depending on the sample. However, when exposed to very high

dose of 19.2 MGy, copper exhibited superhydrophillicity (CA < —5° , not saturated Wenzel

regime). Considerable damage to the copper surface was observed at high cumulative dose both in

the visual examination and microscopic measurements (as discussed later). This surface damage

in copper was also observed in the low dose rate experiments carried out at MIT and needs further

electrochemical assessment to analyze the cause of surface damage.
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• Copper(Low Dose Rate)

A
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Figure 3. Wettability enhancement observed (a) for two different dose rates and for different

fluids

Following exposure, the sample remained within the UHV foil wrap and were kept in a laboratory

environment. It was seen that the samples retained the increased hydrophilic state even after 7

days, with contact angles in the same range as values when tested immediately after gamma
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exposure. However, when samples were unwrapped and kept in the open atmosphere, there was

an increase in the contact angle. This phenomenon, called hydrophobic recovery [99, 100], was

described by the authors earlier [77] as well as by Takamasa, et al. [75] However, from the present

study, it is concluded that this hydrophobic recovery happens only when the surface is exposed to

gross contaminants and organics in the open environment and not after discontinuation of gamma

irradiation. It is likely that the surface-activated UHV aluminum foil packaging served as a getter

and reduced the contamination of sample surfaces when packaged. Similar recovery behavior was

observed earlier in several works when laser textured surfaces were exposed to the ambient

environment[58, 101, 102]. Transition to superhydrophobicity was observed in these works when

the samples were exposed to the ambient environment for a prolonged period of time

demonstrating a clear transition from Wenzel to Cassie-Baxter state. However, in the present work

authors do not observe the transition to a superhydrophobic state (as observed in [103]) even after

prolonged exposure to ambient air for 4 weeks. The recovered CA values were closer to the

original CA values of the samples before irradiation. Table 2 summarizes the contact angle of the

tested surfaces under various conditions during and after the exposure. The present observation on

hydrophobic recovery also stresses the fact which was discussed by the authors previously [77],

that the gamma-induced hydrophilicity is a permanent effect (unless counteracted by re-adsorption

of atmospheric organic contaminants) and the increased hydrophilicity in the sample is sustained

even after the discontinuation of exposure to gamma irradiation. Though the actual mechanism

behind the recovery is still debated [103-105], based on the XPS surveys of the irradiated materials

(see Fig S.1, supplementary material) as well as earlier report by the authors [77], it is reasonable

to conclude that the organic contaminants in the ambient environment are responsible for the

hydrophobic recovery. This is in contrast to the existing hypothesis that postulates the temporary
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nature of radiation-induced surface activation.[71] The role of contamination on wettability has

already been addressed in detail by the author.[106]. The surface can also be contaminated from

prolonged exposure to the boiling heat transfer environment. This type of contamination can also

impact the hydrophobic recovery rate of the material surface [17, 107].

Table 2. Water Contact angle of tested samples at different conditions

Satpi Sample Condition Average Contact Angle (°)
and standard deviation 

Zircaloy-4

Copper

Stainless Steel

As polished 99.4 (4.6)

Irradiated (2.63 MGy) 12.2 (2.5)

Wrapped in UHV foil

(7 days after irradiation)

15.9 (3.3)

Open Environment

(48 hours)

As polished

Irradiated (2.63 MGy)

76.6(4.4)

88.6(6.8)

16.2(1.7)

Wrapped in UHV foil

(7 days after irradiation)

Open Environment

(48 hours)

As polished

20.4(2.4)

84.6(1.7)

78.8(4.4)

Irradiated (2.63 MGy) 20.1(1.4)

Wrapped in UHV foil

(7 days after irradiation)

Open Environment

(48 hours)

19.8(2.8)

79.4(7.2)
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Surface Energy and Capillary Wicking Measurements

Surface energy measurements were carried out using the Owens-Wendt method only for

the high dose rate experiments performed at SNL. Surface free energy on all the samples increased

with cumulative dose as shown in Figure 4. The increase in surface energy with exposure was

monotonic in most of the tests until a saturation effect was observed. There was a slight decrease

in surface energy observed initially for copper. This was contrary to the trend observed in water

contact angle measurement which had a monotonic decrease throughout the exposure length.

Similarly, a non-monotonic change was observed at an intermediate dose for stainless steel which

was also observed in the water contact angle measurement. The electrochemical potential analysis

later in the paper provides an explanation behind such trends. The surface energy remained the

sarne after the discontinuation of irradiation when the samples were covered with the UHV foil.

As observed in the contact angle measurements, there was a dip in surface energy when the surface

was brought in direct contact with the ambient environment. Considering the samples following

irradiation were highly hydrophilic, a capillary wicking measurement was carried out. A recent

analysis [28, 49] has provided evidentiary support on the impact of capillary wicking on CHF and

two-phase heat transfer which motivated the authors to perform capillary wicking measurements

on samples under different conditions. Table 2 summarizes the capillary wicking and surface

energy values of different surface conditions. It can be seen that initially, non-wicking surfaces

(unirradiated) become wicking surfaces upon exposure to gamma radiation and later revert to non-

wicking surfaces due to hydrophobic recovery. However, the copper sample retains its wicking

even after exposure to the environment due to more severe damage present on its surface relative

to other samples. It can be seen from Table 2 and Table 3 that all three quantities (contact angle,
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capillary wicking, and surface energy) showed similar trends and are in good agreement

individually among all the samples.

Table 3. Surface energy and capillary wicking values for samples at different conditions

Sample Sample Condition Surface Free Energy Capillary
(m.Fm2) Wicking (mm3/s)

Zircaloy-4

As polished 34.26 0

Irradiated (19.2 MGy) 66.33 6.54

Wrapped in UHV foil 65.05 6.68

Open Environment

(36 hours)

41.16 0

Copper

As polished 35.27 0

Irradiated (19.2 MGy) 67.52 12.24

Wrapped in UHV foil 66.09 11.84

Open Environment

(36 hours)

46.17 10.28

Stainless Steel

As polished 35.36 0

Irradiated (19.2 MGy) 63.68 4.82

Wrapped in UHV foil 64.01 5.12

Open Environment 36.41 0
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Figure 4. Surface energy measurement with gamma exposure
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Surface Morphology and Electrochemical Studies

It is clear from the above analysis that the gamma irradiation induces a permanent change to the

surfaces. In order to investigate this in detail, microscopic and electrochemical investigations were

performed on the samples. Surfaces were observed before and after irradiation using scanning

electron microscopy (SEM). Figure 5 shows the SEM images of the different surfaces before and

after irradiation. It can be seen from the three figures that there were significant changes observed

in the surface morphology upon inadiation. The SEM images of Zircaloy in Figure 5(a) shows that

upon irradiation, localized pits/cracks form at different spatial locations. These pits had a high

oxygen content when examined with EDS confirming that gamma irradiation resulted in localized

oxidation. Such observations were reported earlier by several authors [108-113] in the presence of

a corrosive liquid or environment. However, in the present work, this was observed even in the

absence of a corrosive liquid. It is believed that the moisture in the ambient environment resulted

in radiolysis and liberation of free oxygen ions leading to the accelerated localized corrosion. The

observed local pits/cracks have a dimension of few microns initially and enlarge with an increase

in dose rates as observed in the figures. These pits or cracks originated along the grain boundaries

resulting from polishing. It has to be noted that no major change in the microstructure on any

surface was observed when the surface was kept wrapped with aluminum foil after irradiation as

one would expect and hence no SEM images are shown here. The pits were not observed in the

SEM images after recovery. It is in agreement with the earlier elemental analysis of authors where

organics were observed to cover the pits created during gamma irradiation [77].

The mechanism of corrosion as a result of gamma irradiation is observed to be intergranular in

stainless steel as seen in Figure 5(b). Local oxidation starts at the grain boundaries and it
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propagates with an increase in dose rates in stainless steel. At high dose rates, the intergranular

corrosion propagates inside the grains. Similar pits and microcracks as Zircaloy also developed in

copper upon irradiation as shown in Figure 5(c). These cracks also increase with radiation dose,

however considerable damage to the surface appears upon irradiation as shown in the SEM images

in Figure 5(c). Such damage was observed both in the high dose rate and low dose rate

experiments. The reason for the extent of damage to the copper surface at very high dose rates is

not known at this stage.

ln all the three cases, both the EDS and XPS results show increased oxygen content with

cumulative dose. The amount of oxygen as measured by EDS and XPS for different cumulative

doses is plotted in Figure 6. There is a considerable difference in the values measured by EDS and

XPS at different spatial locations arising from the spatial variation in oxidation. However, the

magnitude and trends appear similar for both measurements confirming an increase in oxidation

with cumulative dose.
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As mentioned earlier, the contact angle and surface energy change with increased exposure were

monotonic in testing for all the samples except stainless steel and copper. At intermediate doses

(0.5-0.7 MGy), stainless steel shows non-monotonic surface energy and contact angle variations.

In order to investigate this further, the authors performed an open circuit electrochemical potential

measurement on the samples at a different dose. This was done based on the understanding that at

different stages of oxidation, the electrochemical potential of the substrate varies as a result of the

nature of the oxide layer that forms. The electrochemical variation with cumulative dose is shown

in Figure 7. It can be seen that there is a significant variation in the electrochemical potential

(compared to SHE) for different gamma radiation exposures.
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ECP measurements performed on Zircaloy showed a monotonic increase in ECP with dose

before it saturates on the formation of zirconium oxide shown in Equation (6). This is in close

agreement with the surface energy and wettability measurements on Zircaloy, which displayed a

monotonic increase with the dose. However, the electrochemical reaction occurring due to the

oxidation of stainless steel is quite complex with three major chemical reactions taking place as

shown in Equation (7), (8), and (9). The corresponding electrochemical potential values are also

shown beside the reactions and are taken from Haynes.[ 1 14] Comparing Figure 5(b) and equations

(7), (8), and (9), it can be deduced that the non-monotonic change in surface energy or contact

angle is a result of the change in the nature of the oxide that forms on the intergranular spaces in

stainless steel. With an increase in cumulative dose, there is an increase in ECP values. This

increase was much lower in the initial stage which corresponds to the formation of compounds

containing iron (II) oxide. At a cumulative dose around 0.5-0.7 MGy, the ECP potential

conesponds to that formation of oxyhydroxides. However, at high dose, the ECP potential

increases still and saturates, with the corresponding ECP predicting the formation of Fe3+ ions.

Hence, the contact angle which is strictly affected by the surface chemistry arising due to the local

oxidation, likely assumes a non-monotonic trend due to the formation of oxyhydrides at the

surface. Another possibility is the formation of a stable iron (II, III) oxide layer at the intermediate

doses which cause a slight increase in contact angle. This non-monotonic effect will be studied

further in the future through XRD and electrochemical impedance measurements.

Similarly, it can be seen from Figure 7(c) that the initial decrease in surface energy in copper is

a result of positive electrochemical potential of copper that prevents rapid oxidation of surfaces.

With increased dose, the electrochemical potential of copper decreases as result of the oxidation

reaction shown in Equation (1 0), leading to an increase in wettability before it becomes a constant.
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Equations:

Zr(s) Zr2+ + 2e- (Ecorr = —0.1 V SHE) (6)

Fe(s) Fe2+ + 2e- (ECOrr = —0.44 V SHE) (7)

Fe2+ + 2H20 Fe0OH + 3H+ (Ecorr 0.44 V SHE) (8)

3Fe2+ 2Fe3+ + 3e- (ECOrr = —0.44 V SHE) (9)

Cu = Cu2+ + 2e- (E"" = —0.33 V SHE) (10)
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Figure 7. ECP measurements and water contact angle versus dose in the tested samples
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Therefore, it is reasonable to conclude that local oxidation of different metals as a result of

ionizing irradiation induced radiolysis is the mechanism responsible for the measured increase in

surface energy. This mechanism is unique to the material and tested environment for ionizing

irradiation. It is worth noting that several other authors have reported similar improved level of

hydrophilicity due to texturing of materials with femtosecond and nanosecond non-ionizing Laser

irradiations [58, 98, 115] .

Quenching Experiments

A detailed study on the effect of gamma irradiation on quenching was already presented by the

authors.[77] However, in order to understand the impact of cumulative dose on the quenching

behavior, an uncoated Zircaloy sample and a Zircaloy sample coated with FeCrAl were

investigated. The coating was applied on the substrate to understand the behavior of two samples

without changing their thermal properties such as specific heat capacity. FeCrAl is chosen instead

of stainless steel because of its higher potential as an accident tolerant fuel in LWR reactors [116,

117] A detailed report on the surface roughness, Leidenfrost temperature and quench front speed

observed for the samples exposed to different cumulative doses is shown in Table 4. Leidenfrost

temperature and quench front speed are two important parameters in two-phase heat transfer

analysis as explained earlier.

It can be seen from Table 4 that with an increase in cumulative dose there is a slight increase in

surface roughness and capillary wicking which lead to an increased Leidenfrost temperature and

quench front speed. Thus, the increase in surface energy in the previous section does translate in

an improved in two-phase heat transfer. Comparing the applied cumulative dose to the gamma

flux in an LWR, it can be concluded that increasing cumulative dose will have a positive impact
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on the two-phase heat transfer and should be considered in modeling and design of light water

reactors to improve the thermal margin.
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Table 4: Quench results for irradiated samples

Sample Surface Roughness Leidenfrost Quench front Pore structure Wicking

(ium)
Temperature speed (SEM) inti3/s

L'Q

Zirc-4
(0.4 MGy)

0.35 315 10.6 Micropores/Nanopores 5.42

FeCrAl
(0.4 MGy)

0.38 343 12.8 Micropores/ Nanopores 7.53

Zirc-4
(19.2 MGy)

0.42 324 13.2 Large patches 7.21

FeCrAl
(19.2 MGy)

0.48 352 14.4 Numerous nanopores
Some patches

9.53



Conclusion

A comprehensive study on the effect of gamma irradiation on surface wettability and

morphology change was carried out at gamma irradiation facilities with different dose rates. It was

seen from the analysis that the cumulative dose had a significant impact in the wettability and the

effect of dose rate can be neglected. The contact angle measurement after recovery and

comprehensive microscopic examination of surfaces overruled the existing hypothesis that the

hydrophilic effect of gamma irradiation is temporary. As an ionizing radiation, Gamma rays induce

radiolysis of water molecules in ambient air and are observed to cause local oxidation, pitting, and

corrosion even in the absence of corrosive reagents or high temperature environments, depending

on the material substrate. The local oxidation appears to increase with an increase in the cumulative

dose, thereby increasing the surface energy and wettability of the surfaces. At high cumulative

dose, there was a significant increase in the surface roughness and pore formation resulting from

the irradiation, leading to improved capillary wicking. This increase in capillary wicking is

observed to play a vital role in the improvement in quenching. The contact angle or surface energy

is also impacted by the nature of oxide film as was observed from the electrochemical potential

measurements carried out on various substrates which indicates a clear relation between the

oxidation kinetics and contact angle variation. The impact of localized corrosion on the oxidation

rate and two-phase flow dynamics for different applications should be studied in the future with

associated electrochemical potential and XRD studies.
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