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A B S T R A C T   

Surface modification is of critical interest to enhance boiling heat transfer in terms of heat transfer 
coefficient or critical heat flux (CHF), which is significantly affected by distinct surface 
morphology and wettability and it can improve the efficiency and safety of equipment. 
Furthermore, actual service environment may cause severe corrosion to the processed structured 
surfaces while its consequence on boiling heat transfer is still obscure. In this article, compre
hensive researches are conducted to unravel corrosive effect on metallic samples made of stainless 
steel (SS) and Inconel materials with microstructures. Different constructions (i.e., microgroove, 
microcavity and micropillar array) and characteristic dimensions (~20, 50 μm) of microstructure, 
various duration time (up to 300 days) and pH values (~7.0–8.5) of corrosive environment are 
compared thoroughly. Conclusions can be drawn that not all microstructures can enhance pool 
boiling heat transfer characteristics, especially in terms of CHF values. More importantly, CHF 
value of SS microgroove sample firstly increases from 60.94 to 94.09 W⋅cm− 2 in 50 days, then 
decreases to 47.77 W⋅cm− 2 in 300 days, which can be attributed to competition result between 
formation of hierarchical micro/nano structure with enhancing wicking capability and chemistry 
condition with increasing contact angle. In addition, distinct bubble dynamics during pool boiling 
is also analyzed. The insights obtained from this article can be used to guide surface modification 
method and to reveal evolvement rule of engineered metallic surface in highly corrosive and 
harsh boiling heating transfer environment.   

1. Introduction 

Boiling heat transfer is a ubiquitous phenomenon in daily life and industrial scenes, which can utilize the latent heat of coolant 
during phase change process to dissipate enormous generated heat within equipment. Due to the intrinsic feature of efficient heat 
transfer capability [1], boiling heat transfer is widely used in water desalination [2], chemical processing [3], thermal management of 
electronics [4,5] and power generation [6]. Usually, boiling performance can be characterized by two parameters: heat transfer 
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coefficient (HTC) and critical heat flux (CHF) [7]. The HTC in saturated pool boiling can be defined as the ratio between heat flux and 
wall superheat degree. The higher HTC is, the lower superheat (i.e., lower wall temperature) can be obtained at a specified heat flux 
value, which can improve the operation efficiency and economy of equipment. In addition, CHF is regarded as the upper limit of 
nucleate boiling regime so that the safety margin of equipment can be significantly boosted with a higher CHF value. Especially in a 
nuclear power plant (NPP), the occurrence of CHF can lead to a drastic increase of cladding temperature, which is vital to the integrity 
of fuel cladding, and catastrophic melting down may occur as a severe consequence [8]. 

Surface modification via engineered structures has been a topic of general interest in order to enhance boiling heat transfer [9–11]. 
The properties of boiling surface (such as morphology, roughness, wettability and so on) can significantly alter bubble dynamics and 
corresponding heat transfer characteristics. For instance, surface with microcavity (MC) [12] array can improve the HTC value by 
promoting vapor bubble nucleation [13]. While surfaces with microgroove (MG) [14] and micropillar (MP) [15] array usually have a 
higher CHF value resulted from the contact line augmentation and capillary-fed rewetting [16]. Besides, CHF value is dependent on 
surface roughness noticeably: Kim et al. [17] found that CHF value at the roughest surface (Ra = 2.36 μm), i.e., 162.5 W⋅cm− 2, is 
approximately twice as much as that at the smoothest surface (Ra = 0.041 μm). In addition to microstructure, surface wettability can 
also affect boiling heat transfer performance: the nucleation sites on hydrophobic surface are easy to be activated, and possibly 
enhance HTC but result in a lower CHF; as a contrast, the hydrophilic surface can delay the formation of continuous vapor blanket so 
that a higher CHF value can be obtained [18,19]. 

As aforementioned, surface modification is beneficial to the enhancement of boiling heat transfer of large-scale equipment, but is 
threatened by the corrosive environment of high temperature and pressure in NPP. Son et al. [20] conducted pool boiling experiments 
to evaluate the effect of oxidation of reactor pressure vessel (RPV) material, and the CHF value of oxidized steel alloy decreased 
because of oxide layer properties. Wang et al. [21] found that more oxidized surface can reach to higher CHF value, which can be 
attributed to combined effect of increasing wettability and decreasing nucleation site density. In addition, the wettability of modified 
surface can also be altered by passive atmospheric adsorption of hydrophobic volatile organic compounds (VOCs) [22], which 
eventually makes it more sophisticated under actual corrosive situation. Therefore, the mechanism of corrosive effect on boiling heat 
transfer has not been researched thoroughly. 

In this article, metallic samples made of stainless steel (SS) and Inconel materials are adopted for further comparison, which are 
commonly utilized in NPP. Three typical microstructures, i.e., MG, MC and MP array are fabricated by laser processing through 
ablation and melting of base material using pulse fluences [23]. High-pressure corrosion experiments with different duration time and 
water chemistry conditions are conducted comprehensively, which are similar with that in the primary loop of pressurized water 
reactor. Subsequently, both the microscopic characterization and macroscopic behavior are combined to unravel complex corrosive 

Fig. 1. (a) 3-D schematic diagram (not to scale) and (b) LSCM images of MG, MC and MP array samples, (c) SEM images about hierarchical micro/ 
nano structure of MG array sample corroded for 100 days. 
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effect on boiling heat transfer performance of metallic surface with structures. The research results can be utilized for optimization of 
boiling heat transfer surface design in the nuclear reactor. 

2. Experimental investigation 

2.1. Sample preparation 

Two specific metallic materials, i.e., SS (wt.%: Fe 85.96 %, Cr 13.00 %, Si 0.77 %) and Inconel (wt.%: Ni 55.25 %, Cr 33.21 %, Fe 
8.63 %, C 1.57 %), measured by Energy Disperse Spectroscopy (EDS, JSM-7800F JEOL), are selected for sample preparation. Firstly, 
these plate-type samples are grinded with various abrasive papers (600#, 1200#, 2000# in sequence) and polished with Al2O3 
particles and cloths. After that, all these samples are rinsed with ethanol (5 min) and deionized water (2 min), respectively. 
Considering that heat conductivities of these metals are relatively low (<20 W/m⋅◦C) [24], the thickness of plate-type samples are 
designed as 0.8 mm to minimize the operating temperatures of pool boiling test facility, especially under high heat flux condition. 

Typical MG, MC and MP array surfaces are fabricated by laser processing (Deli Laser Solutions, Jiangyin) to investigate the 
morphology effect on pool boiling heat transfer. The sample is placed on a computer-controlled 3D translation stage, the micro
structure is fabricated through the laser beam path set up in advance and the number of pulses is controlled by adjusting translation 
speed of samples [18]. As shown in Fig. 1 (a) (dimensions are not to scale), the width of MG, diameter of MC, side length of MP (labeled 
as w) and pitch distance (labeled as p) all have equal design dimensions (~20, 50 μm), while depths (labeled as d) are nearly 1.5 times 
of that value. The processed texturing of structured surfaces can be observed obviously from laser scanning confocal microscopy 
(LSCM) images (Fig. 1, (b)). After that, all microstructure samples are placed in high-pressure autoclaves with different chemistry 
conditions. The detail of corrosion equipment and boundary conditions are depicted in Sec. 2.2.1. Fig. 1 (c) shows the scanning 
electron microscope (SEM) images (JSM-7800F JEOL) of MG-20 sample corroded for 100 days. Massive oxide particles ranging from 
nanometer to micron are formed and stacked on the MG structure, its original morphology has been altered to hierarchical micro/nano 
structure as a result. More SEM details can be found in Fig. S5 with distinct surface morphology of microstructures. 

2.2. Experimental apparatus 

2.2.1. Construction of corrosion test facility 
In view of high temperature/pressure and water chemistry environment in the primary loop of nuclear reactor, the corrosive 

behavior of metal materials (i.e., SS and Inconel alloy) are definitely distinct, which can impact the boiling heat transfer characteristics 
significantly. In this article, high pressure autoclaves with various water chemistry are utilized to simulate typical nuclear reactor 
environment, and the details of boundary conditions are listed in Table 1. It is worth mentioning that the boundary conditions are not 
all the same with nuclear power plant, which are more severe (higher pH value) to accelerate the corrosion speed. 

As depicted in Fig. 2, the autoclaves are heated by a ceramic heating ring, and both of them are surrounded by gray-colored thermal 
insulation. The ceramic heating ring is connected to a temperature controller and a constant value of 350 ◦C can be maintained, which 
is monitored by the TC inserted in the middle site. Corresponding saturated pressure, nearly 10.0 MPa can also be hold for different 
corrosion time. The boric acid and lithium hydroxide solution are mixed quantitatively so that three different pH values conditions 
(~7.0, 7.5 and 8.5 in high temperature) can be compared to figure out corrosive effect on pool boiling of microstructure samples. 

2.2.2. Construction of pool boiling test facility 
A test facility is established to conduct saturated pool boiling experiment of different microstructures samples, which mainly 

consists of the pool boiling chamber, heating section, high-speed camera (Qianyanlang X213), data acquisition system (National In
struments, NI-9128) and so on, as depicted in Fig. 3 (a). The dimensions of pool boiling chamber are 30.0 cm, 30.0 cm and 25.0 cm in 
length, width and height, respectively. Glass windows are installed to obtain the high-speed filming results of bubble dynamics. In 
addition, two cartridge heaters with total heating power of 3.0 kW are horizontally placed to ensure saturation condition of deionized 
water in the chamber. It is necessary to mention that the water level can always be maintained higher than 80.0 mm, so that boiling 
characteristics will not be influenced by water level [25]. 

The design of heating section is illustrated in Fig. 3 (b), the plate-type sample is placed on the top side of copper heat conduction 
section and fixed by an insulation cover with screws. Heating rods are placed inside the copper section, which are connected to an 
adjustable DC power supply with a maximum heating power of 1.05 kW. Considering that the boiling surface area of test sample is 
nearly 20.0 × 20.0 mm (in Supplement S1, Fig. S1), which is considered to be sufficiently large if the Bond number (ratio between 
buoyancy and surface tension forces) is greater than 3.0 [26] and it is nearly 63.71 in this article. Besides, two layers of thermal 
insulation material are wrapped outside the copper heat conduction section to decrease heat loss as much as possible: the inner layer is 

Table 1 
Parameters of corrosive boundary conditions.  

Autoclave No. Temperature (◦C) Pressure (MPa) pH Boric Acid (ppm) Lithium Hydroxide (ppm) 

#1 310.0 ~10.0 ~7.0 1000 1.2 
#2 310.0 ~10.0 ~7.5 1000 4 
#3 310.0 ~10.0 ~8.5 1000 55  
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made of high-temperature resistant glass fiber sheet; the outer layer (polyetheretherketone, PEEK) has the advantages of good 
machinability and thermal insulation performance. Regarding the thermal expansion coefficient difference of copper and PEEK ma
terials, it is difficult to maintain close contact between bottom side of test sample and top side of copper section during whole heating 
process, which is especially fatal to the indirect heating method adopted in this article. To solve this problem, a novel design combining 
a metal spring of suitable elastic coefficient and a copper sleeve is adopted in this article. Then the copper section can be lifted by spring 
to ensure close contact with the bottom side of test sample, and a relatively low friction (copper sleeve) also can be kept during heating 
process. During pool boiling, both visualization and measured thermocouples (TCs) results are recorded for contrastive analysis of 
difference cases. The procedures of saturated pool boiling are listed in Supplement S3 in detail. 

2.3. Calculation methods 

At the upper part (rectangular shape) of copper heat conduction section (Fig. 3 (b)), two K-type TCs are located vertically to 
measure the solid temperature. Considering that the copper heat conduction section is wrapped by two insulation layers except for the 
top side, hence the heat conduction from the lower copper section to upper test sample can be regarded as one-dimensional. Therewith, 
the value of steady heat flux q through test sample can be calculated by the recorded temperatures of TCs with Fourier’s law 

q= kCu
T2 − T1

d2
(1)  

shown in Eq. (1): 

Fig. 2. Snapshot of corrosion test facility.  

Fig. 3. (a) Schematic diagram of pool boiling test facility, (b) Cross-section diagram of heating section.  
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Where kCu is thermal conductivity of copper and taken as 398 W/m⋅◦C [27]. T1 and T2 are the measured temperatures of TCs and d2 
is the distance between them. Based on the calculated heat flux q, the value of surface temperature of test sample can be obtained by 
Eq. (2): 

Tsurface = T1 − q
d1

kCu
− q

dgrease

kgrease
− q

dsample

ksample
(2)  

where Tsurface is the surface temperature of test sample. d1 is the distance between TC T1 and top side of copper heat conduction section; 
dgrease and kgrease are thickness and conductivity of thermal grease, respectively, which is utilized between sample and copper section to 
minimize the contact heat resistance. It is worth mentioning that dgrease is difficult to measure directly, therefore an auxiliary setup (in 
Fig. S2) was adopted to evaluate the resistance of thermal grease. Combined with the values of heat flux and surface temperature 
(superheat degree), corresponding boiling HTC (h) can also be calculated as shown in Eq. (3): 

h=
q

Tsurface − Tsat
(3)  

where Tsat is the saturated temperature of atmospheric pressure. 

2.4. Uncertainty analysis 

The uncertainty of heat flux (including CHF) mainly comes from the measurement error of TC and dimension error of machining. 
Given that the maximum relative uncertainty of K-type thermocouple (OMEGA, TJ36-CASS) is 0.75 % and machining precision is 
approximately ±0.03 mm, then uncertainty of indirect measurements can be calculated with the error propagation formula [28] 
depicted in Eq. (4). 

δF
F

=
1
F

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

1

(
∂F
∂Xi

δXi

)2
√
√
√
√ (4) 

For the calculated heat flux q, it can be written as Eq. (5): 

δq
q
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δT2

T2 − T1

)2

+

(
δT1

T2 − T1

)2

+

(
δd2

d2

)2
√

(5) 

For the boiling heat transfer coefficient h, the expressions of relative uncertainty are shown as Eq. (6): 

δh
h
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δq
q

)2

+

(
δTsurface

Tsurface − Tsat

)2
√

(6) 

Considering that the expressions of thermal resistance (dgrease/kgrease) and surface temperature of test sample are extraordinarily 
complex, which will not be listed here. Finally, the uncertainties of heat flux q, surface temperature of test sample Tsurface and heat 

Fig. 4. (a) Comparison results of boiling curves with other researches, (b) Schematic diagram of missing liquid supply mechanism.  
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transfer coefficient h are 5.63 %, 1.57 % and 5.84 %, respectively. 

3. Results and discussion 

3.1. Validation of bare copper sample 

Considering that saturated pool boiling characteristics are strongly dependent on heater material [29] and surface morphology, 
bare copper samples are prepared with same procedures to conduct pool boiling experiment in order to validate the applicability of test 
facility and accuracy of calculation method. It can be observed from Fig. 4 (a) that the obtained CHF value in this article (93.1 W⋅cm− 2) 
is located within the envelope of other researches (from 98.6 to 106.3 W⋅cm− 2) [30–33]. Furthermore, the profile of nucleate boiling 
regime is in accordance with Rohsenow correlation [34] (Eq. (7)): 

cplΔT
hfg

=Csf

{
q

μlhfg

[
σ

g(ρl − ρv)

]0.5}0.33

Prn
l (7)  

where Csf and n are empirical coefficients related to wall condition and liquid property, and the dimensions are taken as 0.0012 and 1, 
respectively, and corresponding root mean square error (RMSE) is only 14.4 %. 

In addition, the upper limit (blue horizontal line) calculated by Zuber CHF model [35] derived from hydrodynamic instability is 
nearly 110.0 W⋅cm− 2. The reason why the obtained CHF value is lower than that of theoretical limit predicted by Zuber can be mainly 
attributed to the structure of insulation cover and test sample thickness. Given that the wedge-shaped insulation cover is located on top 
of test sample, the liquid supply path, especially in the horizontal direction (in Fig. 4 (b)), is disturbed during pool boiling. Besides, as 
proposed by Golobič I et al. [36] that ‘asymptotic heater thickness, above which it does not significantly affect the CHF value, in the 
case of AISI 316 SS is equal to 845 μm, and this value is still a little thicker than that in our experiments (~800 μm). In summary, 
compared with other theoretical and experimental results of bare copper sample, the obtained boiling curve profile and CHF value in 
this article are both relatively reasonable. Next, the prepared SS and Inconel samples will be tested to reveal the effects of micro
structures and corrosion. 

3.2. Not all microstructures can enhance surface boiling heat transfer 

Boiling heat transfer behaviors of uncorroded samples with various microstructures and characteristic dimensions are discussed in 
this section. The boiling curves of bare, MG-20, MC-20 and MP-20 SS samples are shown in Fig. 5 (a). Considering that the processed 

Fig. 5. (a) Boiling Curves and (b) HTC variation curves versus heat flux of bare, MG-20, MC-20 and MP-20 SS samples, (c) Relation between CHF 
and CA values of all SS samples, (d) Schematic diagram of Cassie-Baxter state on microstructure surface. 

W. Xu et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e29750

7

microstructures can be regarded as artificial nucleation sites, the features of onset of nucleate boiling (ONB) are altered. As shown in 
the inset of Fig. 5 (a), the bare sample has larger wall superheat value, which can be explained with Eq. (8) by combining the bubble 
Laplace pressure and Clausius-Clapeyron relation [37]: 

ΔTONB =
2σTsat

hfgρgR
(8)  

where R is microstructure radius of effective nucleation site. This equation reveals the inverse relation between wall superheat and 
microstructure radius, so that bare sample has a larger superheat resulted from the smaller radius of nucleation sites. Further, MG-20 
sample has the largest CHF value among these microstructure samples, while all of them are lower than that of the bare sample. This 
seemingly abnormous result reveals that not all microstructures can enhance the boiling CHF value in certain conditions. It can be 
attributed to the fact that not only morphology, but also surface wettability can alter boiling heat transfer capability significantly. 
Fig. 5 (c) depicts the relationship between CHF and contact angle (CA, measured by DSA 100 KRüSS) values. It can be drawn that CHF 
value of bare, MG-20, MC-20 and MP-20 samples are inversely proportional to CA values, which ranges from 93.5◦ (bare) to 128.9◦

(MC-20) and details can be found in Table S1. The conclusion is also basically true among the MG-50, MC-50 and MP-50 samples. 
Kandlikar [38] proposed a CHF prediction model (Eq. (9)) that takes the receding angle into account: 

q″ = hfgρ1/2
v

1 + cos βr

16

[
2σ
Db

+ (ρl − ρv)g
Db

4
(1 + cos βr)

]0.5

(9)  

where βr is the receding angle. This equation reveals that the CHF value is inversely proportional to the receding angle, and corre
sponding predicted values of uncorroded SS samples can also match the experimental CHF data well (less than 28 %, Fig. S4). Besides, 
the CHF values of microstructure samples with dimension 50 μm are larger than those with dimension 20 μm. This is mainly due to the 
easier downward liquid penetration (lower Laplace pressure) and smaller CA values, then the boiling crisis can be delayed with more 
lateral liquid supply underneath the bubble. 

Fig. 5 (b) shows the variation tendency of HTC versus increasing heat flux. All the HTC curves increase firstly then decrease until 
CHF occurs, this situation is also encountered with other laser processed surfaces [38], which may be attributed to increasing thermal 
resistance of generated vapor film. Among those samples, even though MC-20 has the smallest CHF value during pool boiling, while it 
generally has the largest boiling HTC in the low heat flux region, which owes to massive nucleation sites [12] of microscale cavities. It 
can also be verified by visualization results (Fig. 6 (c)) that MC-20 sample has larger nucleation site density and smaller bubble de
parture diameter (≈ 1.8 mm). In high heat flux region, intensively generated vapor bubbles intend to coalesce with each other but 

Fig. 6. Pool boiling visualization results of (a) bare, (b) MG-20, (c) MC-20, (d) MP-20 SS samples with different heat fluxes.  
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there are no interflows among nucleation cavities. In view of MG and MP samples, a larger CHF can be obtained with additional liquid 
supply and vapor escape pathways [39] to postpone the occurrence of boiling crisis. In addition, the difference of CHF values between 
MG and MP samples is probably related to the flow friction [40] with distinct surface morphology. 

Fig. 5 (d) illustrates that a liquid droplet rests on the tips of microstructures, which is defined as Cassie-Baxter state [41]: 

Cos θC− B =φ(1+Cos θY) − 1 (10)  

where φ is the ratio of microstructure area to projected area, θY is the intrinsic CA of force balance at three-phase contact line and 
calculated by interfacial tensions. Based on measurement result in Fig. S3 (a), the intrinsic CA of bare SS sample can be regarded as 
93.5◦. Considering that the CA of air is 180◦, hence the microstructure samples only can be more hydrophobic with the existence of 
trapped air. It is worth mentioning that the actual CA of microstructure samples does not match Eq. (10) exactly, and the realistic 
situation is more sophisticated that CA not only depends on surface morphology, but also chemistry condition. 

In addition, the bubble dynamics also plays an essential role during nucleate boiling heat transfer process. Fig. 6 shows the 
visualization results of SS samples captured by a high-speed camera (500 fps) with different heat fluxes. In the first column (6.8–7.3 
W⋅cm− 2), MP-20 sample (Fig. 6 (d)) has relatively larger bubble departure diameter (≈ 3.6 mm) and fewer nucleation sites than MC- 
20, which results in a lower HTC (Fig. 5 (b)). With the increasing heat flux, massive generated bubbles coalesce with each other, the 
liquid supply to heating surface is gradually blocked of all samples. To be specific, the diameter of coalesced bubbles on MC-20 and MP- 
20 samples are even larger than 20.0 mm (third column of Fig. 6), then a giant mushroom-like bubble will block all the heating surfaces 
to induce the boiling crisis. As a contrast, bare sample (Fig. 6 (a)) and MG-sample (Fig. 6 (b)) have relatively smaller coalesced bubble, 
and higher CHF is encountered as a result. 

3.3. Not all corrosive conditions will deteriorate boiling heat transfer 

Fig. 7 (a) shows the CHF variation tendency of SS samples with increasing corrosion time at pH = 8.5, under which condition 

Fig. 7. (a) CHF variation results of SS samples, (b) LSCM images of MP-20 samples, (c) LSCM and visualization images of MG-20 samples, at pH =
8.5 with increasing corrosion time, (d) schematic diagram of wicking liquid film on corroded samples with hierarchical micro/nano structures. 
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obvious variation trend can be observed. In terms of bare sample, it can be observed that CHF decreases monotonously, from 66.3 to 
48.46 W⋅cm− 2 as corrosion time increases. Corresponding, CA value gradually increases from original 93.5◦–121.6◦ in 200 days 
(Fig. S3 (b)). It means that the bare sample gradually becomes more hydrophobic with lower CHF value as a result. This phenomenon 
also occurs in other article [42] that the CA gradually increases over time when the laser-textured surface is exposed. For instance, the 
superhydrophilic metal surface after laser texturing is gradually transformed from hydrophilic state into hydrophobic state (~153◦) 
when it is exposed to atmospheric air in 30 days [43]. The main reason is resulted from passive adsorption of hydrophobic VOCs within 
air and working fluid [22,44]. In order to validate the existence of VOCs on corroded samples, the X-ray photoelectron spectroscopy 
(XPS) is utilized. As illustrated in Fig. 8, high-resolution spectra of C 1s (AXIS UltraDLD) quantitatively reveals that the content of C–C 
bonds gradually increases over time, which matches the measurement results of the increasing CA. 

As for microstructure samples, the CHF values increase firstly and then decrease. Take MG-20 as an example, it increases from 
original 60.94 W cm− 2 to 94.09 W⋅cm− 2 in 50 days, then decreases to 47.77 W⋅cm− 2 in 300 days and is close to that of bare sample. 
Fig. 7 (b) depicts the LSCM images of MP-20 samples of different corrosion time, the oxide particles ranging from nanometer to micron 
formed gradually and attached on the processed microstructure, which alters original surface morphology to a hierarchical micro/ 
nano condition. Based on CHF variation curves in Fig. 7 (a), it is reasonable to assume that proper amount of oxide particles is 
beneficial to extra wicking liquid supply underneath boiling bubble (Fig. 7 (d)), which can be regarded as the main reason of CHF 
enhancement at the beginning. After then, too many particles gradually block and fill up the original processed microchannel in 300 
days, and its effect on boiling heat transfer is disabled, too. It also can be observed from Fig. 7 (c) that fewer bubbles are generated with 
longer corrosion time for MG-20 samples, which can result in a relatively lower HTC value. Therewith, surface morphology of SS 
samples is severely changed by the corrosive environment, and corresponding CHF value and bubble dynamics are both altered as a 
result. 

Fig. 9 (a) shows the cross-section SEM images of SS samples with different corrosion time. It can be observed clearly that the V- 
shaped microgrooves are gradually blocked and eventually filled up by the formed oxide particles. Long-term corrosion makes the MG 
sample more or less like a bare sample, and the originally processed microstructure is nearly disabled. The schematic diagram (Fig. 9 
(b)) illustrates this complex process more vividly. In order to analyze varying cross-section area quantitatively, binarization processing 
method (detailed procedures shown in supplementary material S6) can be utilized to calculate corresponding effect on CHF value of 
microstructure sample in corrosive environment (Fig. 9 (c)). 

As aforementioned earlier, Kim et al. [17] analyzed force balance between momentum change due to evaporation and forces acting 
on bubble, combining with additional capillary force term based on nondimensional average roughness. In this article, a nondi
mensional number K is applied to consider corrosive effect quantitatively (defined as Sc/S0), where Sc and S0 are the actual 
cross-sectional area of corroded microchannels and original cross-sectional area of uncorroded microchannels, respectively. As the 
nondimensional average roughness proposed by Kim et al. is proportional to the square toot of nondimensional area, i.e., K, then the 
revised CHF model can be obtained as depicted in Eq. (11): 

q″
CHF,predicted = S ×

q″
CHF,Zuber

0.131
1 + cos βf

16

[
2
π +

π
4
(
1 + cos βf

)
+

4C cos βf

1 + cos βf
K1/2

]1/2

(11)  

where S and C are the correction factor and constant of proportionality, respectively, and their values are found to be 0.127 and 1135 
for the current data set. Fig. 10 shows the comparison results of CHF values between experiment of corroded SS samples and prediction 
of modified correlation. It can be observed from Fig. 10 that the maximum relative error is only 14.5 % (MG-20-8.5-50d represents that 
MG-20 sample is corroded at pH = 8.5 for 50 days and the same applies to others), therefore, this modified model based on capillary 
force of surface roughness can predict actual CHF value of metallic surface with microstructure under corrosive conditions. 

In addition, the effect of pH value has also been compared, and the result in Fig. S6 shows it becomes more severe for SS MC-20 
samples under corrosive condition (300 days) with increasing pH value, and CHF values basically decrease correspondingly. As a 
contrast, it can be found in Fig. S7 (b) that CHF values barely change after 100 days corrosion for all Inconel samples, which means that 
the corrosive environment has little effect on the Inconel samples. Based on LSCM images (Fig. S7 (a)), the surface morphology also has 

Fig. 8. High-resolution XPS spectra for C 1s of SS samples under 100, 200 days corrosion condition.  
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changed very little because there are barely no oxide particles formed. Therewith, the widely adopted Inconel material in nuclear 
industry has very excellent corrosive resistance, its morphology and corresponding boiling heat transfer capability can maintain for 
such a long time. 

4. Conclusions 

Comprehensive researches about the corrosive effect on laser processed microstructure samples made of SS and Inconel materials 

Fig. 9. (a) SEM images, (b) schematic diagram, and (c) quantitative analysis by binarization process method about cross section of SS microgroove 
samples with different corrosion time. 

Fig. 10. Comparison results of CHF values between experiment of corroded SS samples and prediction of modified correlation.  
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has been conducted in this article. Different construction and characteristic dimension of microstructure, various duration time and pH 
value of corrosive environment are compared thoroughly. The key conclusions are obtained as following:  

(1) For the uncorroded SS microstructure samples, not all of them can enhance boiling heat transfer characteristics, especially CHF 
values, which are basically inversely proportional to CA. Besides, CHF values with characteristic dimension 50 μm are usually 
larger than those with dimension 20 μm, which can be attributed to the easier penetration of water into larger microchannels 
(more liquid supply).  

(2) In terms of corrosive effect on SS samples, CHF values of bare samples decrease monotonously while those of microstructure 
samples usually increase at first then decrease, and approach to that of bare sample eventually. As a contrast, the CHF values of 
Inconel samples are nearly constant, which can mainly be attributed to corrosion resistance of different metals.  

(3) Both the contact angle and surface morphology can affect the boiling heat transfer behavior, which can also be revealed by the 
bubble dynamics results. Based on the binarization processing method, the blockage extend of cross section area can be utilized 
quantitatively to deduce the CHF variation tendency of SS microstructure samples under different corrosive circumstances. 

Further, in order to better improve the research, a recommendation for future study is provided as below: A) Due to the limitations 
of laser processing accuracy, the dimensions of microstructure are irregular (Fig. 9 (a)), which brings difficulties for the quantitative 
analysis. Hence, precise fabrication methods such as photography and electrochemical deposition are worth considering. B) The 
characteristic dimensions of the microstructure are set as 20 and 50 μm in this paper, and the CHF of 50 μm samples are larger. More 
dimension of microstructure samples can be designed for further research to achieve better boiling heat transfer capability. C) The 
existence of enhancing wicking liquid film due to the formed hierarchical micro/nano structure under corrosive condition needs to be 
further validated with the help of advanced measurement technology. 
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Nomenclature 

Csf, n empirical coefficient 
d distance, m 
Db bubble diameter, m 
h heat transfer coefficient, W/(m2⋅K) 
hfg latent heat, J/kg 
k thermal conductivity, W/(m⋅K) 
q heat flux, W/m2 

Pr Prandtl number 
R Radius, m 
S, C correction factor 
T temperature, ◦C 
σ surface tension, N/m 
ρ density, kg/m3 

Δ T wall superheat, ◦C 
μl liquid dynamic viscosity, N⋅s/m2 

βr receding angle, ◦
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Subscript 
Cu copper 
l liquid 
sat saturation 
v vapor  

Abbreviation 
CHF critical heat flux 
CA contact angle 
HTC heat transfer coefficient 
LSCM laser scanning confocal microscopy 
MC microcavity 
MG microgroove 
MP micropillar 
NPP nuclear power plant 
ONB onset of nucleate boiling 
PEEK polyetheretherketone 
RMSE root mean square error 
RPV reactor pressure vessel 
SS stainless steel 
SEM scanning electron microscope 
TC thermocouple 
VOC volatile organic compounds 
XPS X-ray photoelectron spectroscopy 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e29750. 
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